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NOTATION 
A = Preexponent ia l f a c t o r 
a = Radius 
a R
 =
 Radius calculated w i t h equation 3 7 
a . = Radius calculated w i t h equat ion 3 8 
ol ^ 
a = Radius of t h e monomer 
m 
a , = Radius of t h e mixed valence dimer 
о = T r a n s f e r c o e f f i c i e n t o r délocal isat ion coef f ic ient 
A = Area of e lect rode 
e 
С . = C o n c e n t r a t i o n of reactant j u s t o u t s i d e t h e d i f f u s e l a y e r 
С = B u l k c o n c e n t r a t i o n of Ox 
ox 
С = C o n c e n t r a t i o n of reactant at t h e reaction si te 
rs 
С = C o n c e n t r a t i o n of s u p p o r t i n g e l e c t r o l y t e 
D = D i f f u s i o n c o e f f i c i e n t 
Δ 0 ο = S t a n d a r d f r e e e n e r g y change of t h e reaction 
Δ Η 0 = i b i d b u t now f o r the e n t h a l p y 
AS 0 = i b i d b u t now f o r the e n t r o p y 
AG = A c t i v a t i o n f r e e e n e r g y 
AGr = i b i d b u t now f o r t h e f o r w a r d process 
AG. = i b i d b u t now f o r t h e b a c k w a r d process 
AH = A c t i v a t i o n e n t h a l p y 
AS = A c t i v a t i o n e n t r o p y 
AS, = I b i d b u t now f o r the f o r w a r d process 
AS. = Ib id b u t now f o r t h e b a c k w a r d process 
AG (E) = A c t i v a t i o n f r e e e n e r g y at e lectrode potent ia l E 
AG = Real a c t i v a t i o n f r e e e n e r g y 
AH = Real a c t i v a t i o n e n t h a l p y 
AS = Real a c t i v a t i o n e n t r o p y 
AH . = Ideal a c t i v a t i o n e n t h a l p y 
AS . = Ideal a c t i v a t i o n e n t r o p y 
AG.L = Theoret ica l ca lculated act ivat ion f r e e e n e r g y Jth 
A H + h = Theoret ica l ca lculated a c x t i v a t i o n e n t h a l p y 
AG th = Theoret ica l ca lculated real a c t i v a t i o n f r e e e n e r g y 
ΔΗ
 t L = T h e o r e t i c a l ca lculated real a c t i v a t i o n e n t h a l p y 
Δ5 t h = Theoret ica l ca lculated real a c t i v a t i o n e n t r o p y 
AS = Non-e lectrostat ic e n t r o p y d i f f e r e n c e 
η ' 
AS = Exper imental react ion e n t r o p y 
AS ι = Experimental react ion e n t r o p y f o r t h e f i r s t reduct ion 
Δ5 -j = Experimental react ion e n t r o p y f o r t h e second r e d u c t i o n 
Δ5 = Ionic solvat ion e n t r o p y 
Δ5 о = Ionic solvat ion e n t r o p y calculated w i t h B o r n model 
S f о 
LS ι = Ionic solvat ion e n t r o p y calculated w i t h one layer model 
AS0 . = Ionic solvat ion e n t r o p y calculated w i t h t h e spatial 
d i s p e r s i o n model 
Δ5 g = Reaction e n t r o p y calculated w i t h B o r n model 
AS , = Reaction e n t r o p y calculated w i t h one layer model 
e,ol ' 
AS . = Reaction e n t r o p y calculated w i t h spat ia l d i s p e r s i o n model 
AS . . = Total reaction e n t r o p y 
AS
 D = Reaction e n t r o p y calculated w i t h B o r n model f o r m u l t i -
mc, D ' 
c h a r g e c e n t r e complex 
ΔΕ.|2 = D i f ference between E 0 , and E02 f o r succesive reduct ions 
ΔΕ = A n o d i c - c a t h o d i c peak potent ia l d i f f e r e n c e in cyc l ic voltam 
ΔΕ.. = Potential d i f f e r e n c e across t h e thermal l i q u i d j u n c t i o n 
Aq = Change in bond l e n g h t f o r t h e j t h bond upon reduct ion 
ε·· = Die lectr ic c o n s t a n t of the f i r s t so lvent s p h e r e 
ε , , = E f f e c t i v e value of ε in the presence of an e l e c t r i c f i e l d 
ε = Die lectr ic c o n s t a n t f o r vacuum 
ε = Bulk d i e l e c t r i c c o n s t a n t 
Ε, ,-
 =
 Half wave potent ia l 
E = S t a n d a r d e lectrode potent ia l 
F = Faraday constant 
2 
Force constant of the j th normal mode m resp the reactant 
and the product 
Free energy of the electron in metal Ml at temperature Τ 
Total alternating current 
In-phase and out-phase components of the а с 
Limiting value of the convoluted current 
Convoluted current at potential E 
Exchange current under standard conditions 
Transmission coefficient 
Standard heterogeneous rate constant 
Heterogeneous rate constant at electrode potential E 
Chemical rate constant 
Franck-Condon barrier in the Marcus model 
Inner and outer reorganisation barrier 
Electron in the electrode at potential E 
Avogadro's number 
Frequency 
Number of electrons involved m rate determining step 
Oxidized form of the reactant 
Galvani potential at the reaction site 
ib id, but now at the E 
Galvani potential at the electrode 
Phase angle 
Galvani potential m the bulk of the solution 
Kinetic parameter m cyclic voltammetry 
Kinetic parameter m chronopotentiometry 
Charge of the electrode 
Reduced form of the reactant 
Radius of the solvent molecule 
Radius of the monomer including the solvent sphere 
Distance between the two metal centres in the dimer 
Distance of closest approach of the reactants 
3 
R = Gas constant 
Τ = Absolute temperature 
τ = Transition time (chonopotentiometry) 
τ = Time between two successive electron transfers at the electrode 
e 
τ = Residence time of the electron in the mixed-valence complex 
ν = Scan rate 
ω ,u = Workterms for resp reactant and product 
Ζ = Heterogeneous collision frequency 
ζ = Charge of the complex 
4 
CHAPTER I 
INTRODUCTION 
In the last decade, the application of electrochemical methods in metal coordi­
nation chemistry has increased considerably and it was even suggested that a 
technique such as cyclic voltammetry would become as popular as infrared spec­
troscopy The reasons for this still growing popularity are various a) The at­
tention for redox processes of metal coordination complexes is stimulated by 
recent practical questions of energy supply e g foto assisted electrolyses and 
the discovery of biological redox systems containing metal redox centres like the 
ferredoxms b) The time needed for recording a cyclic voltammogram is compa­
rable with the time needed for sampling the data in NMR or IR spectroscopy c) 
The electrochemical equipment becomes more pro-user and the costs of standard 
equipment for routine applications are low (for example the price of a simple 
cyclic voltammetnc apparatus is only $500) 
Much of the electrochemical work done on coordination complexes is limited to 
the determination and interpretation of the standard electrode potential E0 and 
to the classification of the rate of the redox reaction in rather hazy terms as re­
versible, quasi reversible and irreversible Although such studies can be very 
instructive, contemporary theories of electron transfer suggest several other 
parameters from which more detailed information about the electron transfer 
might be obtained The standard heterogeneous rate constant is one of such pa­
rameters and it is the value of the rate constant of the electron transfer at E0 
k s h Ξ k(E=E0) (1 1) 
When к , is measured at different temperatures it can provide the activation 
enthalpy 
5 
ΔΗ* = -Rxdlnk(E)/d(1/T) (1 2) 
From the intercept of the Arrhemus plot the activation entropy can be obtained 
When E is determined at different temperatures the thermodynamic parameters 
ΔΗ0 and Δ5 can be obtained AS is the entropy difference between the reactant 
and product of the electrode reaction and can be determined according to. 
AS0 = nFdE0/dT (1 3) 
Although the experimental determination of these parameters looks not to be 
very d i f f icu l t , the interpretation of the data, however, faces some rather com­
plicated problems. Studies of a very limited number of compounds have been re­
ported and some of them have given an important analysis and solution of some 
practical and interpretation problems What is needed at the moment is a more 
systematic knowledge of kinetic and thermodynamic parameters for metal coordi­
nation compounds. It is an aim of this study to contribute to such systematic 
exploration. 
In most of the reported electrochemical studies of activation parameters and re­
action entropy, mercury electrodes and aqueous solutions were used The ad­
vantage of the mercury-water interface is that it is a well defined and 
reproducable electrode surface and that there are many double layer data avail­
able. These double layer data are often needed for the correction of exper­
imental activation parameters for certain double layer effects The oxidation of 
mercury at a relatively low potential limits the application of the mercury elec­
trode and so the majority of the reported transitions are reductions at low po­
tentials. The use of water as solvent limits the choice of coordination compounds 
due to solubility problems. The present study explores the use of platinum 
electrodes and non-aqueous solvents like acetone. 
In this thesis we present a detailed and systematic study of the above men­
tioned parameters of transition metal dithiocarbamato (DTC) and some related 
complexes Further, a comprehensive reaction entropy study of some 
6 
mixed-valence complexes is included. The choice of these compounds prevents 
for several reasons the use of mercury electrodes and water as solvent Re­
duced DTC complexes react with mercury and many of the electron transfers oc­
cur at potentials higher than the oxidation potential of mercury It will be 
shown in this study, that it is of advantage, in certain cases, to measure both 
the oxidation(s) and the reduction(s) of a complex. Further, most of the com­
plexes are not or only sparingly soluble m water. For these reasons we decided 
to use platinum electrodes and acetone as solvent However Pt electrodes, or 
more general solid electrodes, have also some serious disadvantages as the dif­
f iculty to obtain reproducable measurements and the lack of double layer data. 
The low reproducibilty is well known and indeed we found that the deviation 
between the results of duplicate experiments could be as large as a factor two m 
к , and consequently the standard deviation in the activation parameters is 
rather large. Pretreatment of the electrode is very important to increase the 
reproducibility of the measurements but this is a time consuming procedure lead­
ing to elongated measuring times A typical experiment to determine к , at 5 
temperatures lasts 6-8 hours (depending on the technique used) 
In contrast with this it appeared that for the determination of AS there was a 
high degree of reproducibil ity and a typical AS0 determination of a redox re­
actions lasts about 2.5 hours. Despite the use of Pt electrodes there was no 
need for an electrode pretreatment and after some experience the measurements 
turned to routine work. 
The thesis can be devided m two parts The f i r s t part (chapters I I , I I I , IV 
and V) deals about the determination of the reaction entropy and presents the 
results and interpretation of these determinations. In the second part we dis­
cuss the interpretation of activation parameters and determine them for a se­
lected set of DTC complexes Also the connection between the reaction entropy 
and the activation parameters is discussed. 
CHAPTER II 
THE REACTION ENTROPY OF ELECTRON TRANSFER REACTIONS 
§2 1 INTRODUCTION 
The introduction of an ionic particle in a solution is attended with a free en­
ergy change which consists of two mam contributions - a) An electrostatic inter­
action of the ion with the solvent dipoles (or quadrupoles etc ) and b) specific 
solvent-solute interactions such as hydrogen bridges 
Upon introduction of the ion in the solvent there will be f i rst a structure 
breaking of the original pure solvent structure and then there will be structure 
making via electrostatic- and non-electrostatic interactions The ultimate result 
of this structure breaking/making process (ι e is there more or less order then 
in the pure solvent) depends heavily upon the degree of internal ordering of 
the pure solvent Since the entropy of a system can be interpreted as a measure 
of the disorder (or order) of that system, this state function seems appropriate 
to study ionic solvation effects The solvation entropy, Δ50 , is then the en­
tropy difference between the entropy of the free ion in vacuum and the entropy 
of the ion in the solution. It can not be determined for a single ion As we shall 
see m the next sections, the difference m Δ5 between reactant and product in 
s 
an electrode process can be determined from experimental data obtained with a 
non-isothermal cell In the literature there has been spent much attention to 
ionic solvation and especially to the entropie aspects of it We will review some 
of the results m the next section 
§2 2 MODELS FOR IONIC SOLVATION 
8 
In the following only the electrostatic part of ionic solvation is considered. 
The f i rst attempt to describe quantitatively solvation effects was done by Born 1 
m 1920 and his result for Δ5 was: 
A S 0 S ( B = [(N a e 2 /E s 2 )8E s /3T]z 2 /2a (2.1) 
The solvent is considered as a structureless continuum which is characterized 
by the dielectric constant ε and its temperature coefficient For the ion only its 
charge ζ and its radius a are relevant Despite the reasonable agreement with 
experiment for ΔΗ0 • (enthalpy of solvation) the AS • values calculated with 
2.1 were often m serious disagreement with experimental values for aqueous so­
l u t i o n s 2 - 8 . Thus for several groups of ions (for example oxoamons) empirical 
relations were found. Till 1962 the discrepancy was interpreted m terms of an 
adjustment of the crystallographic radii or/and considerable non-electrostatic 
contributions7 Especially in the case of water as solvent with its high degree of 
internal ordering these non-electrostatic contributions can be of major impor­
tance Noyes" stated that not the well known crystallographic radius had to be 
adjusted but merely the rather obscure value of the dielectric "constant" at high 
с 
electric fields (10 V/s) present close to an ion He found a better agreement 
with experiment if an ε »» was introduced which depends on the field strength 
(and thus on z/a) 
The concept of a field strength dependent ε was mcorperated m a model 
proposed by Abraham and Liszi9. Here the ion is thought to be surrounded by 
multiple layers; each layer having its own ε ,,. It appeared that experimental 
AS values could already be f i t with a one layer model ( i .e. only the f i rs t sol­
vation layer has a ε not equal to the bulk value ε ) In this local solvent layer 
dielectric saturation is assumed (ε = ε·,). 
AS0 S í 0 l = (N a e 2 z 2 / 2 ) [ ( r / ( (a + r ) a H 1 / E l 2 ) a e i / 3 T ) + (1/(a*r) (1/ε,.2) 3ε 5 /3Τ)] (2 2) 
Equation 2 2 gives good results for univalent anions and cations m aprotic sol­
vents. This shows that for models which rely on continuum concepts for certain 
9 
low structured solvents satisfactory results can be obtained For many 
non-aqueous solvents EI=2 and for most solvents with ε =2 it is found that 
3ε /ЭТ=-0.00160. So it is reasonable to assume that 3ε,/3Τ=-0 00160 m equation 
2.2. Once this is accepted there are no adjustable parameters left in equation 
2.2 and this is an attractive feature of the one layer model 
Another approach was proposed by Dogonadse and Kornyshev10' ' 1 . In their 
theory of ionic solvation the concept of spatial dipersion is mcorperated and 
phenomena such as "effective radius" and "dielectric saturation" become then 
theoretically based Using their result for the free energy change of the Born 
charging process we calculate for the solvation entropy: 
N-1 
A S O s , S d = ( f V V / ^ ) ) Σ . υ η ( Χ η / Γ > α ΐ / ε η + 1 2 ) 3 ε η + 1 / 3 Τ-(1/ε η 2 )3ε η / 3 Τ} 
n=1 
(2.3) 
the function U (λ /г ) m equation 2 3 is defined b y 
Un(Xn/r | c) = 1-(3/4)(λη/Γ | 0) + [{3/4)(\n/ric) * 1/2] expi^U^r,0)} 
where r c is the radius of the solute cavity; η is the number of the nth tran­
sparant region m the absorption spectrum of electromagnetic waves; λ is the 
correlation range and ε is the permittivity at the frequenties of the nth tran­
sparant band. Unfortunately there are no data available for the solvents here 
used, as required for the use of equation 2 3 However the expression can still 
be used to predict trends. 
§2.3 CALCULATION OF THE REACTION ENTROPY 
The electrostatic reaction entropy, Δ50 , for the reaction-
A* •
 e > A
Z
"
1
 (2.4) 
is the entropy change 
10 
Asa ions m 
vacuum 
ASSlz) 
•ÄS°tz -1) 
• Ä S c I z - l ) 
ÄSeX 
ions in 
solution 
Figure 2.1 Born-Haber cycle for ionic solvation 
AS0e = Δ50 5(ζ-1) -Δ5 0 5 (ζ) (2.5) 
Consider the Born-Haber cycle ¡η f igure 2 . 1 . The electrostatic entropy 
change for the charging process in vacuum is zero (because dz /dT=0) and in 
AS0 there are only internal contributions due to the z-1/z charging step. This 
internal entropy change can arise from the change in spin multipl icity and from 
changes in chemical bonds. In this study we use only complexes which have, 
apart from the change in spin multipl icity, no internal entropy change (see also 
§3.3). As a result only the spin contribution in AS is left. The nonelectrostat-
ic contribution to the solvation entropy ¿S
 n (z ) and AS0 (z -1) , include specific 
solvent-solute interactions. From the cycle it follows: 
Δ5° = [Δ50 (z-1) - Δ50 ( ζ ) ] * [Δ5 0
η
(ζ-1) - Δ 5 0
η
( ζ ) ] - Δ 5 0
η
 (2.6) 
or with equation 2.5: 
A S 0 e x = AS0 e * [AS 0 n (z-1) - Δ 5 0 η ( ζ ) ] - Δ 5 0 η (2.7) 
We see that the Δ5 cannot be directly identified with the AS _. Now it is as-
ex e 
sumed -and confirmed by empirical data 9 - that Δ50 (z) does not depend on the 
charge. Thus Δ50 (ζ)=Δ50 (z-1) and equation 2.7 reduces to: 
11 
TABLE 2.1 
2 
Variation of {Ilζ )3ε /ЭГ w/t/i Τ for acetone 
Τ ( К ) 253.15 273 15 293 15 313 15 
(1/е 2 ) 3 ε / Э Т Ы О 4 ) -1.68 -1.70 -1.75 -1.81 
s s 
Physical data from Β.E. Conway, "Electrochemical data", Elsevier 
Amsterdam (7952J p. 12 
AS° = AS° - AS 0 „ (2 8) 
So AS 0 needs o n l y a c o r r e c t i o n f o r t h e change in spin m u l t i p l i c i t y to obtain 
t h e p u r e e l e c t r o s t a t i c Δ5 . Now we can use t h e r e s u l t s of t h e models presented 
m t h e last section to calculate AS 
e 
Combinat ion of equat ion 2 1 w i t h 2.5 y i e l d f o r t h e one electron reduct ion 2 4· 
A S 0 e B = ( N a e 2 / E s 2 ) 3 E s / 3 T { ( 1 - 2 z ) / 2 a } (2 9) 
assuming t h e radius a t o be c h a r g e i n d e p e n d e n t . Because the t e r m 
2 
( 1 / ε )3ε /ЭТ m general v a n e s w i t h t e m p e r a t u r e , formula 2 9 p r e d i c t s a tem­
p e r a t u r e dependence f o r AS0 • . From table 2.1 we conclude t h a t t h e v a r i a t i o n 
e, о 
of (1/ε )3ε /ЭТ m t h e t e m p e r a t u r e t r a j e c t - 2 0 o - + 3 0 o C f o r acetone is ca. 5%. 
T h i s ¡s of the same o rde r as the exper imental e r r o r so we wi l l d i s rega rd in the 
fo l l ow ing the tempera tu re dependence of AS0
 R and assume 3AS0 г,/ЭТ=0. We 
c a l c u l a t e d AS0 • f o r several values of ζ and a and t h e resul ts are col lected in 
t a b l e 2 . 2 . As i n t u i t i v e l y e x p e c t e d f o r a s t r u c t u r e l e s s c o n t i n u u m the | AS n| 
values are t h e same f o r t r a n s i t i o n s w i t h opposi te charges ( f o r example, compare 
A S 0 e B f o r t h e 4 + -»• 3 + and t h e 3- -> 4- t r a n s i t i o n (203 e . u . r e s p . -203 e u ) ) . 
I n c r e a s i n g t h e absolute c h a r g e r e s u l t s in a loss m e n t r o p y because t h e r e wi l l be 
a c e r t a i n degree of o r d e r i n g of t h e solvent molecules near t h e ion |AS
 B | d e -
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TABLE 2.2 
tS „(co//mo/ К) at 293К as calculated with equation 2.9 for e,tt 
acetone 
a (in 
1 
2 
3 
4 
5 
6 
7 
8 
A) 
4+ _ > 3 + 
203 
102 
68 
51 
41 
34 
29 
25 
— > 2* 
145 
73 
48 
36 
29 
24 
21 
18 
—> 
87 
44 
29 
22 
17 
15 
12 
Π 
1+ — > 
29 
15 
10 
7 
6 
5 
4 
4 
0 — > 
-29 
-15 
-10 
-7 
-6 
-5 
-4 
-4 
-1 — > 
-87 
-44 
-29 
-22 
-17 
-15 
-12 
-11 
Ree 
-2 — > 
-145 
-73 
-48 
-36 
-29 
-24 
-21 
-18 
)ox couple 
-3 — > -4 
-203 
-102 
-68 
-51 
-41 
-34 
-29 
-25 
creases when the radius of the ion increases. This is because the electric field 
around an ion becomes smaller with increasing radius and so the ordering effect 
is less important. 
Combination of equation 2.2 and 2 5 yield the reaction entropy according to 
the one layer model, AS0 ,: 
e,ol 
AS0 e o | = N a e 2 [ ( 1 - 2 z ) / 2 ] { ( r / ( ( a - r ) a ) ( 1 / E 1 2 ) 3 E l / a T ) * ( 1 / ( a T ) ( 1 / ε 5 2 ) 3 ε 5 / 3 Τ ) } 
(2.10) 
Using for the radius r of the acetone molecule the value of 2.435 A9 we tabulated 
AS | values m table 2.3 The same trends as mentioned for the Born model are 
present. This is obvious since both models use continuum concepts, however the 
one layer model yield substantial higher absolute values. 
Lastly we combine equation 2.3 and 2.5 to yield: 
N-1 
A s 0 e , s d = ( Ν 3 β 2 / ( 2 Γ ι ε ) ) ( 1 - 2 ζ ) S Í U ^ / r ^ ) [ ( 1 / E n + 1 2 ) Э Е ^ / Э Т - ( 1 / ε η 2 ) 3 ε η / 3 Τ ] } 
η=1 
(2.11) 
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TABLE 2.3 
Δ5 .[m cal/mol К) at 293К as calculated with equation 2 10 for 
acetone and r-2.435 A. 
a (in 
1 
2 
3 
4 
5 
6 
7 
8 
A) 
4 + —> 3 + 
389 
173 
107 
76 
58 
46 
39 
33 
— > 2 + 
278 
124 
76 
54 
41 
33 
28 
24 
- > Τ 
167 
74 
46 
32 
25 
20 
17 
14 
—> 0 
56 
25 
15 
11 
8 
7 
6 
5 
- > -' 
-56 
-25 
15 
-11 
-8 
-7 
-6 
-5 
1 —> -2 
-167 
-74 
-46 
-32 
-25 
-20 
-17 
-14 
Redox couple 
—> -3 
-278 
-124 
-76 
-54 
-41 
-33 
-28 
-24 
_> -4 
-389 
-173 
-107 
-76 
-58 
-46 
-39 
-33 
As a l r e a d y stated we have no data avai lable to calculate Δ 5 0 , values in ace-
e, sd 
tone However i t can be seen f r o m 2 11 t h a t the absolute values f o r Δ 5 0 , 
e, sa 
w i l l а д а т be symmetr ic a r o u n d z=0 
By now we have used f o r ε the b u l k d i e l e c t r i c constant of the p u r e solvent 
In t h i s s t u d y all Δ5 determinat ions are done m 0 IM e l e c t r o l y t e solut ions I t 
is o b v i o u s l y t h a t ε f o r a so lut ion wi l l be m general not equal t o t h a t f o r t h e 
p u r e s o l v e n t From t h e one layer model we can conclude t h a t the ε m t h e 
n e i g h b o u r h o o d of an ion wi l l be lower t h a n t h a t f o r t h e b u l k of the solvent T h i s 
is because t h e solvent molecules s u r r o u n d i n g t h e ion are more o r less immobi­
l ized and t h u s the o n e n t a t i o n a l polar izat ion wi l l t h e n be lower Consequent ly 
t h e o v e r a l l ε f o r a solut ion wi l l be lower 2 t h a n f o r the p u r e solvent T h i s means 
t h a t t h e data in t h e tables 2 2 and 2 3 are underest imates 
A n o t h e r compl icat ing f a c t o r a r i s i n g f rom measur ing m 0 1 M e l e c t r o l y t e sol­
u t i o n s is t h e p o s s i b i l i t y of ion- ion i n t e r a c t i o n s between t h e c h a r g e d complex and 
t h e ions of t h e s u p p o r t i n g e l e c t r o l y t e Th is has to be especial ly expected m sol­
v e n t s w i t h low d i e l e c t r i c c o n s t a n t s , used m t h i s s t u d y Determinat ion of AS 0 
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as a function of the supporting electrolyte concentration can give insight in this 
complication, however, the concentration range of the supporting electrolyte is 
limited in these solvents due to the inherent high resistance at lower electrolyte 
concentration. We will discuss this point further in §3.4. 
§2.4 DETERMINATION OF AS0 
ex 
Without an extra thermodynamic assumption it is not possible to determine 
Δ50 values as will be obvious from the following An essential equation is: 
-nFE0 = Δ0ο = ΔΗ0 - T A S 0 t o t (2.12) 
and from this 
¿S 0 t o t = nF3E0/3T (2.13) 
Note that n=1 for a reduction and -1 for an oxidation. Thus we need only to de-
termine the temperature dependence of E (or often m a good approximation 
ЭЕ1 ^/ЭТ) to obtain AS . . . As the subscript already indicates, the reaction en­
tropy determined m this way (ι e. with a isothermal cell) contains also the re­
action entropy of the electrode reaction of the reference electrode since: 
E O
 =
 E 0 W + E r e f Í2 14) 
so: 
*
S O to t = u S O ex + A S O ref ( 2 · 1 5 ) 
From equation 2.15 it is clear that the determination of AS0. . from ЭЕ0/ЭТ al­
ways results m the sum of AS0 and AS0 , of the two participating half re­
actions of which the potential measuring circuit consists. So the determination 
of Δ50 for one single halfreaction is not possible m this way. However, it has 
been shown1 3 that the use of a non-isothermal cell can yield reliable AS0 val-
' ex 
ues. We will now discuss this type of cell in more detail. 
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Figure 2.2 Schematic non-isothermal cell 
Consider the cell in f igure 2.2. The cell is divided in two compartments 
which can be maintained at different temperatures Τ and Τ . The temperature 
it 
Τ of the compartment containing the reference electrode is f ixed, while Τ is 
varied. When the temperatures of the two compartments are not equal there will 
be a temperature gradient in the solution somewhere between the reference- and 
the work electrode. This thermal liquid junction ( t l j ) will cause a potential jump 
arising from the Soret effect: ΔΕ^· (see next section). The temperature gradient 
in the working electrode gives rise to a potential step ΔΕ. . The instrument 
reading V is related to the various potential steps (Δ) according to Kirchhoffs 
law: 
-
 +
Д[М2/М1(Т )]+ΔΕ. +Д[М1/ЦТ)] 
^ E t | j ^ l L / M 3 ( T * ) ] + A [ M 3 / M 2 ( T * ) ] = 0 (2.16) 
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After multiplying with F and changing to free energies (AG) equation 12.16 be-
comes: 
-FV-AG[M2/M1(T*)] + FAE t c-AG[M1/L(T)]+FAE t | -
Now we substitute: 
-AG[L/M3(T*)]-AG[M3/M2(T*)]=0 (2.17) 
AG[M2/M1(T ) ] = G e j M 1 ( T ) - G e / M 2 ( T ) 
AG[M1/L(T)] = GAz-1(T) - GAz(T) - Ge M 1 (T) 
AG[L/M3(T*)] = ¿G r e f (T* ) * Ge
 М
з ( Т * ) 
¿G[M3/M2(T*)] = 0
Θ ( Μ 2 ( Τ * ) - С е ( М з ( Т * ) 
where AG χ is the free energy difference between products and reactants in the 
reference cell. After collecting terms we obtain: 
F V = G e , M 1 ( T * ) - G e / M 1
( T ) + ( G A z ( T ) - G A z - 1 ( T ) ) + F A E t c + F A E t l j + ( A G r e f ( T * ) ( 2 · 1 8 ) 
Because the entropy of electrons in metals at moderate temperatures is very low 
(c.a. 0.1 cal/K m o l ) 1 2 , there will remain from the difference 
G e M l ^ ^~Ge M l ^ " ^ 0 П 'У a n enthalpic (temperature independent) term. Now 
we differentiate equation 2.18 with respect to Τ and note that the experimental 
* conditions are such that Τ is constant we get: 
FdV/dT = SA2-1 - SAz + FdAE t c/dT • FdAEt| /dT (2.19) 
or in the case that V=E0: 
FdE0/dT = AS0e>c + FdAE t c/dT + FdAEt| /dT (2.20) 
Fortunately the Thomson coefficient dAE. /dT is for Pt very low1 3 and we can 
neglect its contribution to LS0 . Under the appropriate conditions dAE., /dT is 
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probably also neglectable as we will see m the next section. Thus by using a 
non-isothermal cell configuration AS0 becomes directly accessible. 
§2 5 THE SORET EFFECT 
For aqueous solutions it has been shown1 3 that ЭДЕ., /ЭТ^О and hence a reli­
able determination of absolute LS values is possible For non-aqueous sol­
utions there is not much known about the value of ЭДЕ., /ЭТ, however, m some 
recent work it is assumed to be neglectable also ^ * 1 5 As we will see in the 
next chapter we found effects for ¿S0 which could in principle be attributed 
to t l j contributions. So it is of major importance to get insight in the value of 
ЭЛЕ.,/ЭТ for our solutions. Because the concept of thermal diffusion is not 
treated in most of the physical chemistry textbooks, or only very br ief ly, we 
will go somewhat deeper into the subject. 
The use of a non-isothermal cell involves a region m the solution where the 
temperature is not uniform. If a homogeneous mixture of two or more components 
is subjected to a temperature gradient, there will occur m general a partial sep­
aration of the mixture. The phenomenon is called thermal diffusion or thermal 
m i g r a t i o n 1 6 ' 1 7 , or m the case of liquid mixtures, the Soret effect named after 
Ch. Soret who f i rs t described this effect. Due to the temperature gradient 
there is a built up of a chemical potential gradient In the case of an electrolyte 
solution the electrolyte collects m the colder end of the t l j (vide infra) Fur­
thermore it is possible that there will be a partial charge separation which in­
duces a potential difference, ΔΕ., , across the t l j . 
Qualitative description. 
Consider the cell : 
Ag|AgCI(0 IMLiCI acetone) | | acetone, xM AZ| | (acetone, 0. IM LiCL)AgCI | Ag---Ag 
< j > < Τ + dT ><-T-> 
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w i t h dT>0. Suppose t h e t r a n s p o r t of an ion f rom the compartment w i t h temper­
a t u r e T + d T to t h e compartment w i t h t e m p e r a t u r e T . T h i s process has ( n e a r l y ) 
zero overal l e n t h a l p y and e n t r o p y ef fects since solvat ion entha lp ies and e n t r o ­
pies are near ly t e m p e r a t u r e i n d e p e n d e n t . B u t i t is possible because of a d e ­
crease m G since SAT > 0. As heat of solvat ion is lost m t h e r i g h t and gained 
in the left hand c o m p a r t m e n t , the d i f f u s i o n tends to reduce t h e t e m p e r a t u r e 
g r a d i e n t . The establ ished c o n c e n t r a t i o n g r a d i e n t invokes normal d i f f u s i o n to 
equalize c o n c e n t r a t i o n d i f f e r e n c e s and t h e ul t imate r e s u l t i s , assuming 
d T / d x = c o n s t a n t , a steady state ( n o t an e q u i l i b r i u m because t h e t e m p e r a t u r e is 
not un i form) E r r o n e o u s l y t h i s steady state is o f ten cal led "Soret e q u i l i b r i u m " 
The e n t r o p y change w h i c h o c c u r s m t h e second solvat ion sheet when the ion 
is removed is cal led t h e " e n t r o p y of m i g r a t i o n t r a n s p o r t " o r t h e "Eastman e n t r o -
p y " of that i o n : S . When S ^ and S are not equal t h e n t h e r e s u l t is 
' m, ι m + m-
t h a t t h e c o n c e n t r a t i o n of anions and cations is not e v e r y w h e r e e q u a l ' t h e r e is 
an e lectr ic f i e l d in t h e t l j and t h u s a potent ia l j u m p . 
Quantitative description. 
As stated above t h e resul ts of a constant t e m p e r a t u r e g r a d i e n t is a steady 
state d e B e t h u n e 1 ' * has evaluated an equation f o r ЭАЕ^, /ЭТ m t h e steady state 
us ing methods of i r r e v e r s i b l e thermodynamics and the Onsager r e c i p r o c a l r e ­
lat ions. For a 1-1 e l e c t r o l y t e t h e r e s u l t i s : 
3 Ä E t l /3 T = (Sm-* - 0 / F (2·21) 
Note tha t equat ion 2.21 is on ly va l id under "Soret cond i t i ons " , i .e . on ly mass 
t r a n s p o r t due to ( thermal ) d i f f us ion is allowed (no convect ion f o r example) . 
In general S_ values are d i f f i c u l t to p r e d i c t , however , an e lec t ros ta t ic 
•^  m, ι 
calculat ion of ten d e l i v e r s reasonable r e s u l t s . For aqueous solut ions d e B e t h u n e 
used a modif ied B o r n f o r m u l a : 
S m , i * = 9 6 8 > < z , 2 / r a ( 2 2 2 ) 
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Now г (m A) is the sum of the ionic radius plus 0 1 Â for anions and 0 85 A for 
cations plus the radius of the first immobilized solvent layer (usually two times 
the radius of the solvent molecule) The combination of equation 2 21 and 2 22 
predicts that ЭДЕ^ і /ЭТ decreases as the ionic radius increases and the ionic 
charge decreases Equation 2 22 holds for infinite dilute solutions With finite 
concentrations we have to correct equation 2 22 with the Debye-Huckel factor 
ехр(-кг
а
) 
Sm * = (9 Gßxzf/rJxexpl-KrJ (2 23) 
and к = F/(2C /(ε RT)) Equation 2 23 predicts that ЭАЕ., /ЭТ will decrease as 
the electrolyte concentration increases 
From the preceeding discussion it is clear that in order to keep ЭДЕ,. /3T low 
it is important to maintain as much convection as possible in the tlj and to keep 
the electrolyte concentration high In the experimental section of chapter 111 we 
will describe a few experiments which give us an idea about the value of 
SÄE.. /ЭТ under our experimental conditions 
§2 6 CONCLUSIONS 
Using a non-isothermal cell it is easy to determine Δ50 ,, however ex-
' ex 
tra-thermodynamic assumptions about the Soret potential and the Thomson coef­
ficient are necessary AS0 need only be corrected for the contribution from 
the change in spin multiplicity It can then be compared with AS0 as calculated 
by several models for ionic solvation 
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CHAPTER I I I 
REACTION ENTROPIES OF ELECTRON TRANSFER PROCESSES OF T R A N S I T I O N 
M E T A L D I T H I O C A R B A M A T E S AND SOME RELATED COMPLEXES 
§3.1 I N T R O D U C T I O N 
A g r o u p of complexes which are v e r y su i tab le f o r t h e s t u d y of react ion e n ­
t r o p i e s are t h e chemical ly as well as e lectrochemical ly well s t u d i e d t r a n s i t i o n me­
tal d i t h i o c a r b a m a t o complexes MCRjDTC) (see a p p e n d i x I f o r a b b r e v i a t i o n s ) . 
With t h e D T C - l i g a n d a g r o u p of complexes can be s y n t h e s i z e d in which t h e r e is 
a large v a r i a t i o n of the c e n t r a l metal atom, t h e c o o r d i n a t i o n number, the s u b s t i ­
t u e n t R and t h e formal o x i d a t i o n state of the metal I t is well documented t h a t 
t h e D T C complexes s t u d i e d h e r e , ι e. bis complexes M ( R ? D T C ) ^ M= C u 1 ' 2 , 
N i 1 ' 3 , Pd* ; t r i s complexes M ( R 2 D T C ) 3 , M= F e 5 ' 6 , M n 7 - 9 , C o 1 0 - 1 3 and t e t r a k i s 
complexes M ( R 2 D T C ) 4 + , M= M o 1 " ' 1 5 , W 1 " ' 1 5 w i t h R = benzy l ( B z ) , p y r o l i d m e 
( P y r ) , e t h y l ( E t ) , p r o p y l ( P r ) , b u t y l ( B u ) , p e n t y l ( P e n t ) , p i p e r i d y l ( P i p ) , 
i s o b u t y l ( i - B u ) , i s o p r o p y l ( i - P r ) and c y c l o - h e x y l ( c - H e x ) , u n d e r g o r e v e r s i b l e 
one e l e c t r o n t r a n s f e r react ions accord ing to equat ion 3 1 and 3 2: 
M ( R 2 D T C ) x z <=======> M ( R 2 D T C ) ) ( Z + 1 + e (3.1) 
e + M ( R 2 D T C ) x z <=======> M ( R 2 D T C ) ) ( Z " 1 (3 2) 
T h e h a l f - w a v e potent ia ls of these redox react ions comprise a wide range of v a l ­
ues ( - 1 . 4 t o + 1 3 V vs A g / A g C I ) . 
T h i s large v a r i e t y in molecular parameters enables us t o t r a c e t h e in f luence 
of t h e r a d i u s and t h e c h a r g e of the complexes upon AS 0 . F u r t h e r m o r e we can 
s t u d y possible ef fects of t h e specif ic n a t u r e of t h e metal and of t h e e lectrode 
p o t e n t i a l upon AS a l t h o u g h such effects are not p r e d i c t e d by the models d i s ­
cussed in c h a p t e r I I . 
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§3 2 EXPERIMENTAL 
General procedure 
The measurements have been c a r r i e d out w i t h a non- isothermal cell of t he 
same design as t h a t d e s c r i b e d b y Weaver and c o w o r k e r s 1 6 . The react ion e n t r o p y 
was calculated a c c o r d i n g t o -
A S 0 t o t = п Г х Э Е 1 / 2 / Э Т ( 3 . 3 ) 
where n= -1 f o r an o x i d a t i o n and n=l f o r a r e d u c t i o n We assume here 
D Q ^Dri j and t h u s E =£•• ij- The ha l f -wave potent ia l was taken as the mean of 
the anodic and cathodic peak potent ia ls m the cyc l ic voltammogram The scan 
rate was chosen such tha t the anodic-cathodic peak potent ia l d i f fe rence was less 
then TOO mV fo r e v e r y t r ans i t i on and was usual ly 60-80 mV at 293K. The iR d r o p 
was minimized by the use of a Luggm cap i l la ry The t yp ica l tempera tu re range 
used was -20 to *30 C, except f o r DMSO where the tempera tu re range was 
+
 140C to + 43 0 C. Al l potent ia ls are re fe r red to the A g / A g C I ( 0 IM LiCI ,acetone) 
reference e lec t rode. The w o r k i n g - and aux i l i a ry electrodes consisted of Pt 
Equipment and chemicals 
The cycl ic voltammograms were recorded w i th a PAR Model 174A Po la rograph-
ie Analyzer in combinat ion w i th a PAR Model 175 Programmer or w i th a Bio Ana -
ly t ica l System Model CV-1B ins t rument . Both ins t ruments y ie lded ident ical 
resu l t s . Most measurements were in acetone (Merck PA) and some in ace tomtn le 
(Uvasol) or d ime thy lsu l fox ide (Merck PA) (used as rec ieved) The suppo r t i ng 
e lec t ro ly te , Bu^NCIO^, was p repared accord ing to the p rocedure descr ibed in 
reference 17. The s u p p o r t i n g e lec t ro ly te was rec rys ta l l i zed f rom an e tha-
no l -e ther m ix tu re and d r i e d over P2O5 The e lec t ro ly te concent ra t ion was usua l -
ly 0.1M execpt when o therwise not iced The complexes were p repa red accord ing 
to procedures g iven m the l i t e r a t u r e 1 0 t he i r concent ra t ion was always close to 
0.001M. 
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Pilot experiments 
To check the reliability of the equipment and of the measuring procedure we 
carried out some pilot experiments. 
a The AS0 t o t of the N i (MNT) 2 2 " / " and of the Ni(MNT)2" / 2~ transitions were 
determined in acetone and both transitions gave the same -apart from sign-
AS0. . value (14.7e.u. and -14.1e.u. resp.) as expected. Furthermore this 
confirms that the ¡R drop contribution to AS . . for this cell configuration was 
neglectable. A possible effect of electrode pretreatment was checked for the 
2 - / -Ni(MNT)? . Since both the pretreated (see §7.3) and the not pretreated elec-
trode yielded virtual ly the same Δ$0± . value (14.8i0.5 e.u. and 14.7±0.7 e . u . , 
resp.) no electrode pretreatment was applied in the other experiments. 
b Two literature examples (aqueous solution) were successfully reproduced: 
F e ( H 2 0 ) 6 3 + / 2 + : A S 0 t o t = 38 e.u. ( l i t . value 43 e . u . 1 6 ) and F e ( b i p y ) 3 3 + / 2 + : 
A S 0 t o t = 4 e.u. ( l i t . value 2 e.u. 1 6 ) . 
с Experiments to trace a possible contribution to Δ5 .
 t due to ЭДЕ.-./ЭТ. 
From theoretical considerations1 8 (see §2.5) it is expected that the thermal dif­
fusion will depend upon the electrolyte concentration and upon the kind of elec­
trolyte used in the t l j . The following two experiments gives an estimation of the 
value of ЪЬЕ.,-/ЪТ. 
i) We determined AS0 of the NKMNTK transition with the t l j loaded 
with а 0 . Ш BU4NCIO4 and a 1.0M Bu^NCICb acetone solution. The values ob­
tained were respectively 14.7±0.3 e.u. and 15.3±0.3 e . u . . Thus the two electro­
lyte concentrations yield equal results within experimental error. 
ii) From the Eastman entropies of the Bu^N and Na ions it can be predicted 
that there should be a difference in ЭДЕ.|/ЭТ of the two ions of approximately 
0.7 mV/K (corresponding to 18 e.u.) under Soret conditions. Furthermore 
NaCIO^ should give a lower value for 3AEt|¡/3T then Bu^NCIO.. We have meas-
ured the Fe(Et2DTC)3 0 / + transition in both 0.1M Bu4NCI04 and 0ЛМ NaCI04 (in 
acetone). The obtained AS . . values are respectively -13.1±0.4 e.u. and 
-14.8±0.5 e.u Although the values are not equal within experimental error the 
difference is small. 
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From the experiments under ι and n we conclude that the construction of the t l j 
used here can yield enough convection to reduce the Soret effect to a neglecta-
ble amount 
§3.3 RESULTS AND DISCUSSION 
In order to understand some of the factors which influence the reaction en­
tropy we have determined AS 0 „„ for the electron transfer reactions of several 
' ex 
transition metal complexes mainly with DTC as the l igand. For convenience all 
the redox transitions are written as reductions although the transitions 2+ •* 1 + 
and 1 + -» 0 were actually measured as oxidations. We f i rs t discuss the results for 
the DTC complexes with R=Et and of some related complexes m acetone. These 
entropy data, corrected for AS , are presented m tables 3 1 and 3 2. 
The inner entropy change (of for example the molecular vibrations or the 
S2C-N rotation) accompanying the transitions can be estimated to be less then 
about 1 e u . ï 0 . So as previously noticed in §2.3 only the contribution due to 
the change in spin multiplicity remains m AS . 
The most notable feature of the data of table 3 1 is the absence of the change 
of sign m Δ50 around z=0. (Compare table 3.1 with the tables 2.2 and 2 3 ) . 
We will discuss this m more detail below. For all the transitions listed Δ50 de-ex 
creases as the charge decreases. Further, going from the bis-DTC complexes to 
the tris-DTC complexes ( i . e . as the radius increases) Δ50 decreases. Howev­
er, going from the t r i s - to the tetrakis complexes no clear trend is present. So 
it appears that the dependence of AS on ζ and a is at least qualitatively as 
predicted from the electrostatic models in §2.3. 
In a quantitative way equations 2.9, 2.10 and 2.11 are m serious disagree­
ment with the outcome of the experiments. We will now f i r s t focus our attention 
to the sign disagreement between the predictions of the models and the exper­
imental results. The absence of a change in sign for AS0 going from the +1 •* 0 
to the 0 •+ -1 transit ions, has -apart from the previously discussed t l j contr ib­
ution- two causes which are not quite independent as discussed below. These 
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TABLE 3.1 
for 
with R=Et in acetone 
LS [cal/mol К) transition metal DTC complexes 
Complex 
Ni(Et 2 DTC) 2 
Cu(Et 2 DTC) 2 
Pcl(Et2DTC)2 
Mn(Et 2 DTC) 3 
Fe(Et2DTC)3 
Co(Et 2 DTC) 3 
Mo(Et 2 DTC) 4 
W(Et2DTC).4 
2+ > 1* 
22.1 
21.6 
> 
22.5 
11.7 
13.1 
11.6 
13.4 
10.2 
Redox couple 
0 > -1 
5.3 
6.3 
8.7 
2.9 
3.1 
two causes ;ire the influence of the internal charge distribution of the complex 
and the symmetry of the solvent dipole. 
Influence of the internal charge distribution of the complexes. 
The "effective" charge of MCR^DTC) is not equal to its formal charge z. 
An explanation for this phenomenon is offered in considering the following. It is 
well known that in the metal-DTC complexes the ionic charge of the metal is 
nearly completely compensated by the covalency in the bonding of the ligand 
which causes a flow of π electrons from the nitrogen atom to the metal center 
(see f igure 3.1). Keyzers2 1 calculated for the atomic charges of copper and 
sulfur in C u i R j D T O j the very small values of 0.01 and -0.28 a . u . , respective­
ly. As a consequence the atomic charge of the nitrogen will be positive. More­
over, even in the case when the total charge of the complex is negative, the 
nitrogen remains positively charged. Indeed the infrared stretching frequencies 
of the SjC-N bond of some negatively charged M(R2DTC) complexes2 3' ^ sug­
gest a significant contribution of resonance structure III (see figure 3.1) to the 
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TABLE 3.2 
LS [cal/mol К) and E (between parenthesis and in Volts') for 
redox reactions of complexes with ligands containing sulfur 
Redox couple 
1+ > 0 > -1 > -2 
Complex 
C u ( E t 2 D T C ) 2 
C u ( M o r T U ) 2 
C u ( P i p T U ) 2 
C u ( E t T U ) 2 
N i ( E t 2 D T C ) 2 
N i ( M P h ) 2 
N i ( M N T ) 2 
F e ( E t 2 D T C ) 3 
F e ( P y r D T A ) 3 
F e ( D T B ) 3 
M o ( E t 2 D T C ) 4 
M o ( D T T ) 4 
M o ( D T N ) 4 
W ( D T T ) 4 
W ( D T N ) 4 
22 5 ( + 0 . 6 7 ) 
1 7 . 7 ( * 0 . 7 3 ) 
1 9 . 0 C 0 . 6 9 ) 
2 1 . 6 C 0 . 6 5 ) 
1 3 . I C O . 5 1 ) 
1 9 . 7 C 1 . 2 7 ) 
1 3 . 4 ( - 0 . 2 3 ) 
1 3 . 0 C 0 . 7 8 ) 
1 3 . 3 ( + 0 . 9 6 ) 
9 . 7 C 0 . 7 6 ) 
1 2 . 4 C 0 . 8 5 ) 
* Approximated value; redox reaction is at temperatures >273K compli­
cated by a chemical follow up reaction 
overal l s t r u c t u r e . So t h e acetone dipoles [ ( С І - Ц К С =0 " , μ = 2 9 D] are d i ­
rected w i t h t h e i r n e g a t i v e end t o w a r d t h e more p o s i t i v e l y c h a r g e d n i t r o g e n at­
oms. S u p p o r t f o r such i n t e r a c t i o n s can be gained b y c o n s i d e r i n g t h e posit ions 
of t h e negat ive ions m the c r y s t a l s of c a t i o m c metal d i th iocarbamates l ike 
[ C u ( R 2 D T C ) 2 ] + l 3 " 2 S [ A u ( R 2 D T C ) 2 ] * X " , X= B r 2 t , A u C I 2 2 7 o r A u B r 2 2 7 
and [ N I Í R J D T C J J ] B r " 2 * , where the anions are located m the pockets formed 
by the a lky l chains i .e . in d i rec t contact w i t h the n i t rogen atoms. So i t is ex-
pected tha t in so lu t ion the n i t rogen atoms wi l l be solvated more e f fec t i ve ly ( i . e . 
5 .3 ( -1 .40 ) 
- 1 . 0 C 0 . 2 5 ) - 3 . 0 ( - 0 . 6 8 ) 
- 1 2 . 9 C 0 . 4 0 ) 
3 . 1 ( - 0 . 4 0 ) 
13 .1C0 .31 ) 
1 9 . 8 ( - 0 . 1 6 ) * 
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Figure 3.1 Resonance structures of the DTC ligand 
have a small a. see below) t h e n t h e o t h e r atoms in t h e molecule (however, t h i s is 
less p r o n o u n c e d f o r the bis complexes). 
T r e a t i n g t h e complex as a po int c h a r g e -as done in equat ions 2.9, 2.10 and 
2 . 1 1 - is t h e n an i n c o r r e c t s i m p l i f i c a t i o n . T a k i n g t h e formal charge ζ as t h e ef­
f e c t i v e c h a r g e is o n l y p e r m i t t e d f o r solvent - solute in teract ions at i n f i n i t e d i s ­
t a n c e . A t f i n i t e d is tance one has to ¡ncorperate the charge d i s t r i bu t i on w i t h i n 
the complex. For a mult i charge cent re ion the Born model has to be modif ied t o : 
ASmr. η = (Ν е 2 /
е < :
2 ) Э
Е
 /3ΤχΣ { ( Δ η . 2 - 2 ζ | Δ η . ) / ( 2 3 . ) } ( 3 . 4 ) 
me, D a s s ι ι ι ι 
T h e e n t r o p y Δ5
 D is d e t e r m i n e d by t h e charges z · , t h e e f f e c t i v e rad i i a- and 
' mc, в ' ι ι 
t h e c h a r g e change Δη- of t h e sites upon r e d u c t i o n . Note t h a t z¡ need not to be 
an in tegra l (ΣΔη·=1 and Σζ.=ζ) and t h a t t h e s ign of t h e summing term in equat ion 
3 . 4 can be opposi te to t h a t of ( 1 - 2 z ) / ( 2 a ) in equat ion 2 . 9 . This modif icat ion of 
t h e B o r n formula resembles t h e ref inement w h i c h P e o v e r 2 2 made of t h e Marcus 
f r e e e n e r g y of a c t i v a t i o n f o r molecules w i t h a n o n - u n i f o r m charge d i s t r i b u t i o n . 
Of c o u r s e t h e same modif icat ion as done f o r t h e B o r n model is also appl icable f o r 
AS _ .. Because t h e values of Δη- are not known we can not p e r f o r m a numer-e,ol ι 
ical ca lculat ion of Δ5 • 
me, ö 
The exper imenta l data indicate tha t even in t h e case of a negat ive ly charged 
complex the e lec t ros ta t ic in teract ions of the par t i a l pos i t i ve charges preva i l and 
the complex actua l ly behaves l ike a ca t ion . Indeed a much bet ter agreement be-
tween AS0 and the values calculated w i t h express ion 2.9 is obtained by i nse r t -
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¡ng not the formal charge ζ but instead the (arbi trary) effective charge z*! (see 
table 3.3). 
To demonstrate the characteristic influence of electronic and structural fea­
tures of ligands, we present here a limited number of entropy data for other l i -
gands. The data are collected in table 3.2, for abbreviations see appendix I. 
The thiourea (TU) derivatives (see f igure 3.2, structures ΙΥ,Υ and VI) are 
isoelectronic with the DTC ligand, they have in common a high C-N bond order 
and so a restricted rotation around C-N, and a considerable positive charge on 
N. The E0 and Δ50 values of the Cu complexes are very close to that of 
Cu(Et 2 DTC) 2 . 
The ligands MPh and MNT are very different structural ly and also in the im­
possibility to transfer positive charge to the periphery of the complex. In con­
trast with N i t E t j D T C K negative values are observed for the 0 •+ -1 and the -1 •+ 
-2 reductions. 
Pyrdta, DTB, DTT and DTN have in common little conjugation of the CS2 
group with the aromatic r ings. This causes a free rotation of the rings and a lo­
calisation of the charge (changes) in the metal-sulfur-carbon core. This in con­
trast with DTC complexes where there is restricted rotation and a shift of 
positive charge towards the N-atom. AS for the Fe complexes of PyrDTA and 
DTB differ much from the ¿S0 values of the corresponding DTC complex and 
that they are higher (13.1 and 19.8 compared with 3.1 and 13.1) is unexpected. 
For the Mo and W tetrakis complexes the AS _ values are about the same as for 
r
 ex 
the analogous DTC complexes. Although some speculative explanations are pos-
sible, we refrain from fur ther discussion at the moment, because more systemat-
ic measurements are needed for these ligands to come to a clear picture. 
The influence of the symmetry of the solvent di pole. 
The molecular structure around the acetone dipole (we will disregard possible 
refinements such as quadrupoles) is asymmetric such that the steric environ-
ment of the atom carrying the 6+ charge is different from the environment of the 
atom carrying the 6- charge. There will be no doubt that the acetone layer 
surrounding a cation will be more structured than the layer surrounding an an-
29 
TABLE 3.3 
Mean AS0 [cal/mol Κ) values for different groups of 
M(EtjDTC) transitions and the corresponding 
àS rJcallmol K) calculated for the charges ζ and z + 1 
M 
Ni,Cu,Pd 
Cu 
Mn, Fe 
Mn, Fe, Co 
Mo,W 
Mo,W 
X 
2 
2 
3 
3 
4 
4 
ζ 
0 
1 
0 
1 
1 
2 
A s 0 e , B ( z ) 
-7.9 
7.9 
-4 5 
4.5 
5.0 
15 0 
"W* 
7 9 
23.6 
4 5 
13 6 
15.0 
25 0 
*1) 
« · « 
6.6 
22 5 
3 0 
12.1 
11.8 
21 9 
Δ5 « calculated using O=OQ [vide infra) in eq. 2.9 
ion since the positive site of the acetone dipole is much more shielded than the 
negative site [(CHgKC ==0 , μ = 2 9 D] In aqueous solution a similar d i f fer­
ence between positive and negative ions is observed as the heat of hydration of 
positive ions is definitely higher than those of negative ions of the same size 
and charge. The uncharged DTC-complex provokes an ordering of the sur­
rounding solvent because of the particular charge distribution as decribed 
above and because of some non-electrostatic interaction. So it can be understood 
that on going from the uncharged to the negatively charged complex there is 
loss m local solvent order i.e. the minimum of solvent order does not coincide 
with the neutral state of the complex. 
To study this effect we have determined the AS0 for a few selected couples 
in acetomtrile (ACN) and dimethysulfoxide (DMSO). The results are collected in 
table 3.4. Before interpreting the data of table 3.4 one should consider that on 
going from one solvent to another at least the following features are changed: 
( 0 The steric shielding of the solvent dipoles as discussed above, (и) The die­
lectric constant and its temperature coefficient. For this reason it is expected 
that | Δ 5 0
ε χ
| will decrease in the sequence AN > ACN > DMSO (see table 3 4, AN 
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Figure 3.2 Resonance structures for the TU, DT В and Руг DT A ligands 
- acetone). (111) The degree of internal order, which has been shown to de­
crease m the order DMSO > ACN > AN, is reflected in a parameter a 3 1 ' 1 2 With 
decreasing internal order a becomes more negative and the additional ordering 
of the solvent molecules via ion-dipole interactions on increasing the charge of 
the complex will be stronger So we expect that | Δ5 | will decrease in the se­
quence AN > ACN > DMSO (see table 3 4) This is the same sequence as found 
under 11. 
From the molecular solvent structures (see structures X I I ,X I I I and XIV in 
f igure 3 4) it is ciear that the steric shielding of the positive side of the dipole 
is much less m ACN compared with the shielding of the positive side of the d i ­
pole m AN and DMSO, which are virtually the same Therefore ACN should be­
have more according to the models presented in §2 2 as distinct from AN and 
DMSO Indeed the data of table 3 4 show the expected change of sign for AS 
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TABLE ЗА 
Solvent effect upon àS for a few M(EtjDTC) transitions 
and some physical constants for the solvents used 
Consta 
S 
3 t s / 3 T 
( 1 / ε 2 ) 3 ε / Э Т ( . 
a (cal/mol 
Complex 
C u ( E t 2 D T C ) 2 
C u ( E t 2 D T C ) 2 
F e ( E t 2 D T C ) 3 
F e ( E t 2 D T C ) 3 
W ( E t 2 D T C ) 4 
W ( E t 2 D T C ) 4 
K) 
ζ 
1 
0 
1 
0 
2 
1 
AN 
20.5 
«IO4) • 
•0.09 
•2.14 
-27.6 
<„ 
22.5 
6.3 
13.1 
3.1 
21.6 
10.2 
AS 0 
7. 
- 7 . 
4. 
- 4 . 
15. 
5 
e, В 
.9 
9 
5 
.5 
О 
0 
ACN 
36. 
-0 
-1 
-18 
" % . 
16.9 
-3 4 
7.5 
-4 0 
15.9 
2 6 
.0 
.16 
.23 
.3 
" в 
5.1 
-5 1 
2.9 
- 2 . 9 
9.6 
3 2 
DMSO 
46.7 
-0.106 
-0.49 
-9.9 
1 5 . 8 a 2.0 
5 1 - 2 . 0 
7.7 1.1 
b 
a At temperatures higher than 35 С complicated by chemical reaction 
b Irreversibility precludes determination of hS 
[Physical data from Abraham M.H. et. al., J.CS. Farad. Trans. I, 74, 
2858 (1978)) 
in A C N , t h e r e is an e n t r o p y decrease f o r t h e 0 -»· -1 t r a n s i t i o n s in c o n t r a s t w i t h 
A N and DMSO. 
In f i g u r e 3.3 are the data of table 3.4 f o r AN and ACN presented in an a l ­
t e r n a t i v e w a y . With equat ion 2.1 m m i n d , r e l a t i v e 3χΔ50 values are p l o t t e d 
a g a i n s t t h e c h a r g e ζ of t h e ions. T h e paraboles f o r AN and ACN are best f i t 
paraboles f o r the exper imenta l resul ts l is ted in t a b l e 3 . 4 . The maximum in the 
paraboles coincide w i t h t h e e f f e c t i v e c h a r g e of t h e complex where t h e r e is a m i n ­
imum of so lvent o r d e r i n g . I t is clear f r o m t h e f i g u r e t h a t t h i s minimum of s o l ­
v e n t o r d e r i n g is s h i f t e d to negat ive values f o r ζ m t h e case of ACN or AN as 
compared w i t h z=0 f o r the Born model. 
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- 2 -1 0 , 1 2 3 
Figure 3.3 Relative ionic solvation entropies in acetone and acetonitrile 
For the reasons discussed under и and iii it is understandable that AS0 de­
creases for the +1 -» 0 and 0 •+ -1 transitions on going from AN to ACN or from 
AN to DMSO. However, the lack of a decrease in the Δ50 for the 1 + -• 0 transi-
ex 
tions on going from ACN to DMSO is remarkable and the reason for this is not 
clear but is also seen for the AS0 of CoCphenK and 
ferrocene/ferrocenium3 1 couples in these solvents. 
In conclusion we state that despite the fact that experimental and theoretical 
values do not agree quantitatively, the general trends clearly indicate that both 
the charge distr ibution in the complex and the symmetry of the solvent dipole 
play a role in the ultimate value of Δ5 . 
Influence of the size of the complexes 
In addition to the influence of the charge z, expressions 2.9, 2.10 and 2.11 
predict a decrease ¡η |Δ50 | with increasing radius. This is indeed found (ta-
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Figure 3.4 Solvent structures and their internal charge distribution 
ble 3 1) on going from the bis to the tr is DTC complexes in the same charge 
class. For comparison radii were calculated from crystallographic data (a .) 
approximating the molecules as spheres As shown m table 3 5 a . increases 
in the order bis<tris < tetrakis. Little or no decrease in AS can be seen going 
e x 3 j 
from the t r i s - to the tetrakis complexes However, on changing the coordination 
number not only the radius changes but also the effective charge because the 
number of 6* carymg nitrogen atoms changes. To extract the real influence of 
the radius from the data we made a classification of the complexes into three 
groups: bis, tr is and tetrakis complexes. Because the majority of crystallo­
graphic data are known for the diethyl-substituted DTC complexes, the follow­
ing discusssion is limited to the DTC complexes with R=Et as subtituent and the 
results are presented in table 3 5. 
The a D and a , are calculated as follows for the redox series b ol 
M ( E t 2 D T C ) x z <======> M ( E t 2 D T C ) x z ~ 1 <======> М(ЕЪ,ОТС) х 2"2 (3 5) 
AS 1 AS j 
the difference in AS for the two steps is given by. 
A(AS0) = AS02 - AS01 (3 6) 
After substituting equation 2.9 or 2 10 m 3.6, inserting the correct constants 
(aE s/aT=-0.09, ε5=20.45, Эе1/ЭТ=-0 0016 and ε ^ 3 3 ) and collecting terms we 
arr ive at: 
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TABLE 3.5 
a ., σ „ and a . [in A) for several groups of 
MiEtjDTC) z complexes. 
M 
Νι,Ου,Ρά 
Cu 
Μη, Fe 
Μη, Fe,Co 
Mo,W 
Mo,W 
X 
2 
2 
3 
3 
4 
4 
ζ 
0 
1 
0 
1 
1 
2 
<„ 
6 6 
] -
22 5 
3.0 
] -
12.1 
11 8 
]"» 
21.9 
A U S ° ) e x 
15 9 
9 1 
10.1 
a ol 
5.1 
8.3 
7 6 
a B 
3.7 
6.4 
5 8 
crys 
4.6 
5.1 
5.8 
113 a Calculated from a .=(3V/QTIZ) where 1= number of molecules 
per unit cell and V is the volume of the unit cell. See text for the 
calculation of ο
β
 and a .. 
and 
Δ(Δ5 0 )
Β
 = -58 1/aB (3 7) 
Δ(Δ$0)0| = [329/(ao | 2*2 485aol)-58 1/(2 485 + a o | )] (3 8) 
where ag and a , are m A and Δ(Δ5 0 )„ and Δ(Δ50) , m cal/mol K. It is assumed 
that the radii are independent of charge as suggested by many crystallographic 
radii (for example. Fe(PyrDTC) 3 and Fe(PyrDTC) 3 + . 5 24 A and 5 25 A 
resp s ' 3 * ) The advantage of expression 3.7 and 3 8 is that the knowledge of 
the "effective" charge of the complex is not needed This effective charge can 
be rather complicated for the metal DTC complexes as explained above As can 
be seen from table 3.5 there is a reasonable agreement between the crystallo­
graphic radii and the Born radii That ag < a
 t for the bis-complexes is un­
derstandable because the flatness of the complex allows solvent molecules a close 
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approach and treating the complex as a sphere is a very crude approximation. 
We expect a R (bis) < ar. (tr is) because of the crystallographic radii, however, it is 
not clear why apCtetrakisi^agCtris) The agreement between ag and a . for 
the tetrakis complexes is excellent. This might be due to the fact that the ap­
proximation of the molecules by a sphere is most accurate for the tetrakis com­
plexes. In contrast to the Born model the one layer model gives an 
overestimation of the radius. The one layer model assumes dielectric saturation 
m the f i r s t solvent sphere (ε,=2, 3ε,/3Τ=-0 0016) but it is questionable if this 
true with voluminous complex ions of 10-12 Â diameter. 
The influence of the specific nature of the metal 
Inspecting table 3 1 for a possible metal influence shows that after the cor-
rection for the change in spin multiplicity there remains only small differences 
without clear trends. This lack of a metal influence (apart from the change in 
spin multipl icity) has been found earlier for a variety of aqua, amine and 
N-chelated ligand complexes31 and is m accord with theoretical expectations. It 
justif ies division into groups as done m the preceeding discussion. 
Influence of the half-wave potential and the substituent R 
Since the half-wave potentials of the electron transfer reactions studied here 
vary considerable (from -1.4 to *1 3 V ) , it is of interest to search for a possible 
correlation of Δ5 with the half-wave potential as suggested by equation 3.9: 
ex 
E 1 / 2 = -AG0/F = -ΔΗ0/Ρ + TuS 0 t o t /F (3.9) 
The data are collected in f igure 3.5; complexes with the same coordination class 
and the same charge are connected with lines. It is obvious from the f igure that 
there is no correlation between US and E·,/-). Thus we conclude that the dif-
ex l/ ¿ 
ferences in ΔΗ dominates the much smaller differences m TAS0,, д.. This is an 
tot 
important conclusion from the experimental data. It has often been tacitly as­
sumed for DTC and other complexes m numerous studies about the relation be-
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Figure 3.5 Influence £</? иРоп ^ ^ р ^ 0 Γ MíEt^DTC) complexes 
tween redox potent ia ls and b i nd ing energ ies , ionisat ion energies or l igand f ie ld 
pa ramete rs 3 5 . 
The d i f fe rence in redox potent ia l discussed so f a r are due to the speci f ic na-
t u r e of the cent ra l metal . Mar t in e t . a l . 1 3 showed tha t on chang ing the s u b s t i -
t uen t R the ha l f -wave potent ia l could be var ied over 200-300 mV fo r each metal . 
In o rder to inves t iga te if t h i s var ia t ion in redox potent ia l is of en tha lp ic - or en -
t r o p i c - o r of a mixed charac te r we measured ¿S fo r t rans i t i ons of DTC com-
ex 
plexes w i th v a r y i n g R. The resul ts are presented in tab le 3 . 6 . 
The R subs t i tuen ts are a r ranged in such a way t h a t the e lect ron donat ing p r o p -
e r t y increases on go ing f rom the lef t to the r i g h t . Despite the well de f ined i n -
f luence of the R subs t i t uen ts upon E-, /j and apar t f rom some except ional values 
( i . e . the reduct ion of Mn(Bz2DTC)o and Mn(P ipDTC)o ) a clear t r e n d is not 
p resent . The spread ing in the data is largest f o r the bis complexes f o r the 0 -* 
-1 t r ans i t i ons . As long as R=alkyl there is a small va r ia t ion in ¿S0 bu t f o r 
the Cu(R2DTC)2 couples, AS0 is almost independent of R. Th is is cons is t -
ent w i th the fac t t ha t the ent rop ies of solut ion f o r f l ex ib le alkanes are all the 
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TABLE 3.6 
Substituent effect upon Δ5 ' for the reductions of M(_R-DTC) Z in acetone 
Substituent Rc 
Complex ζ Bz Pyr Et Pr Bu Pent Pip ¡-Bu i-Pr c-Hex 
Ni(R2DTC)2 
Cu(R2DTC)2 
Fe(R2DTC)3 
Mn(R2DTC)3 
Cu(R2DTC)2 
Co(R2DTC)3 
Fe(R2DTC)3 
Mn(R2DTC)3 
0 
0 
0 
0 
1 
1 
1 
1 
8.6 
-
7.8 
4.1 
-
8.2 
11.9 
17.2 
4 . 0 
5.3 
6.3 
3.1 
2.9 
22.5 
11.6 
5.7 
6.7 
3.9 
-
22.8 
8.5 
7.4 
10.5 
4.6 
-
24.0 
8.3 
10.0 
9.0 
3.5 
-
22.9 
8.9 
7.5 
6.3 
-
-
24.0 
-
8.6 
10.7 
5.5 
-
23 8 
11.7 
6.8 
5.9 
-
-
21.8 
7.6 
5.5 
8.3 
.  13.3 13.1 13.7 12.4 12.4 - 14.8 11.0 10.9 
11.7 - - - 16.8 - - 12.5 
a) in cal/mol К b) corrected for change in spin multiplicity c) R substi-
tuents are ordered with increasing electron donating properties going from 
left to right 
same3 6. Apart from this the influence of R can be very complicated as it will be 
a function of at least ( 0 the electron donating and withdrawing power of the 
substituent, (ti) the steric hindrance of the two groups and (in) the influence 
on the "effective" radius of the molecule and possible specific solvent inter­
actions. 
§3.4 ION-PAIR EFFECTS 
Because we have no appropriate experiments available it is neccessary to dis­
cuss now if the trends found could be due to ion-ion interactions between the 
charged complex and the ions of the supporting electrolyte. 
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F i r s t , we a n t i c i p a t e t h a t i o n - p a i r f o r m i n g should be accompanied w i t h an e n ­
t r o p y gam (AS 0 >0) f o r t h e 1 + •+ 0 t r a n s i t i o n s and an e n t r o p y loss ( Δ 5 0 <0) 
f o r the 0 •• -1 t r a n s i t i o n s . T h i s is t h e same t r e n d as p r e d i c t e d f r o m the simple 
solvat ion models. 
+ 
Second, i t can be a r g u e d f r o m t h e geometry of the ВидМ and СІ_Од , t h a t 
C L 0 4 can " s o l v a t e " cat ions more e f f e c t i v e l y t h a n Bu^N can " s o l v a t e " anions 
T h i s is the same as w h a t is expected f rom t h e solvents used here cations wi l l 
be more e f f e c t i v e l y solvated t h a n anions However, g o i n g f r o m AN to ACN t o 
DMSO, the ion pa i r f o r m a t i o n is expected to become less i m p o r t a n t because the 
d i e l e c t r i c constant increases m t h i s o r d e r B u t t h i s is in c o n t r a s t w i t h the o u t ­
come of the exper iments (see table 3 . 4 ) : t h e AS resul ts f o r DMSO and AN are 
comparable and not symmetr ic f o r 1 • •+ 0 and 0 •+ -1 t r a n s i t i o n s whereas ACN ( i n ­
termediate e) behaves much more a c c o r d i n g to a "symmetr ic d i p o l e " . 
These resul ts i n d i c a t e t h a t i o n - p a i r e f fects g i v e only small c o n t r i b u t i o n s to 
Δ5 m this s t u d y . A l t h o u g h i o n - p a i r s c e r t a i n l y are p r e s e n t t h e y do not mask 
t h e specif ic c o n t r i b u t i o n s of t h e so lvent dipoles and t h e geometry and charge 
d i s t r i b u t i o n s of t h e complex ions. 
§3.5 CONCLUSIONS 
The reaction e n t r o p y , AS0 , of redox react ions of t r a n s i t i o n metal d i t h i o -
carbamate complexes s t u d i e d h e r e , appear to be p r i m a r i l y a f u n c t i o n of t h e i r 
c h a r g e and radius b u t t h e c h a r g e d i s t r i b u t i o n w i t h i n t h e hgand system and the 
asymmetry in t h e s o l v e n t dipoles have also i m p o r t a n t e f f e c t s . T h e explanat ions 
f o r the observed d iscrepancies between t h e t h e o r e t i c a l and t h e exper imenta l va­
lues are all of an essential e l e c t r o s t a t i c o r i g i n , so i t seems reasonable t h a t 
non-electrostat ic c o n t r i b u t i o n s to AS0 are neglectable. 
The expression f o r Δ(Δ5 0 ) , d e r i v e d w i t h the Born model, y ie lds s u r p r i s ­
i n g l y good agreement between t h e Born rad i i and the c r y s t a l l o g r a p h i c radi i 
Despite the i n f l u e n c e of the metal and of t h e s u b s t i t u e n t R upon E-, /? t h e r e 
is no clear i n f l u e n c e of t h e metal o r R on t h e AS 
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It is now experimentally verif ied that the intuit ive interpretation of E·, / j val­
ues as enthalpic values is allowed since the variation in Δ5 values can ac­
count only for a few percent in the variation of Ε, i^ values (of course within 
one coordination class and for couples with the same charges). 
Finally, it is clear that from Δ5 _ , values detailed information can be ob-
' ex 
tamed about the complexes and their surroundings m solution. 
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CHAPTER IV 
REACTION ENTROPIES OF REDOX REACTIONS OF MIXED-VALENCE COM-
PLEXES 
§4 1 INTRODUCTION 
In this chapter we will report about the reaction entropies of two consecutive 
reductions of some di-Ru and di-Fe metal complexes. In many of these di-redox 
centres complexes (or "bmuclear" complexes for convenience) mixed-valency can 
occur. These mixed-valence compounds have been extensively studied with a 
variety of spectroscopic techniques in order to get information about the intra-
molecular electron transfer (valence exchange). The outcome of these studies 
depends upon the electron transfer rate as compared with the characteristic time 
scale of the phenomenon (for example: electron transfer rate with an electrode 
or the relaxation of quadrupoles in Móssbauer spectroscopy) studied 
We will show here that interesting information about the valence exchange 
rate can be obtained from E and reaction entropy data. 
§4 2 MIXED-VALENCE COMPLEXES 
Due to their important role in many fields, mixed-valence complexes of the 
type 
L M-(bridge)-ML' (4.1) 
x
 У 
and especially those with M = Ru and Fe have met considerable interest 1 . An in­
tr iguing feature of this class of complexes is their charge distr ibut ion: can the 
system be described as valence localized (trapped) or as valence delocalized. If 
the characteristic time scale of the phenomenon under consideration is short 
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compared with the mtervalence transfer rate then the system shows localisation: 
it seems that two different oxidation states are present in the complex. But if 
the time scale is long and the mtervalence transfer rate fast it looks if there are 
two equivalent sites (if L=L' and x=y) with average oxidation states and the sys­
tem is said to be delocalized. 
Many mixed-valence compounds have been studied and they are classified in 
three categories. 
Class I 
In class I both valence bond configurations have widely different energies. 
In this case the molecule behaves essentially as a superposition of two different 
sites with different integer oxidation states. 
Class II 
In class II both valence bond configurations have nearly equal energies and 
2 1/2 they contribute to the ground state wave function as: (1-a ) Y, + аЧ^ where 
a is called the valence délocalisât on coefficient. If valence is found to be delo-
calized or trapped depends on the characteristic time of the experiment as ex-
plained above. 
Class III 
In class III the mixing of the configurations is great. The electron transfer 
does not need an activation of the nuclear framework (resonance transfer) . For 
any technique both sites will be found indistinguishable 
In section 4.6 we will meet mixed-valence compounds of these different class-
es. 
§4.3 INFLUENCE OF THE VALENCE DELOCALISATION UPON E0 and AS° 
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Before we discuss the influence of valence délocalisation upon the position of 
E02 relative to E0-·, we review shortly the interpretation of E0 in terms of prop-
erties of reactant and product. 
The one redox centre case. 
Consider the sequence: E 0 1 E 2 
A z > B z~1 > C z " 2 (4 .2) 
In the case tha t the energy levels in the МО-diagram do not c h a n g e , E02 wi l l be 
lower then E -, : _, 
1
 E 0 2 < E
0
1
 +
 (Δ02-Δ01)/Ρ (4.3) 
where AG, and AGo are the electrostatic free energy differences for the two 
steps. If we use the Born expression for AG, and AG2 then the result is: 
AG2 - AG1 = (Nae2/a)(1-1/Es) (4.4) 
Inserting the appropriate numericaîs for acetone and a=5A we obtain for the ΔΕ·^ 
= E0-,-E02=2.9V! Of course, the Born model ¡s a crude approximation, however, 
it is clear that the electrostatic effect can be considerable. Indeed for the com-
plexes [ l ] 3 + , [ l l ] 2 + and [VI I ] 3* (see table 4.1) the E0's of the first two re-
ductions are separated by resp. 2.6, 2.3 and 2.6 V. 
The two redox centre case. 
ΔΕ,2 depends on the distance between the two redox centres, which deter­
mines α and the electrostatic interaction between the two redox centres. The 
electronic interaction can be via the interconnecting bridge or, in the case of a 
flexible bridge, via a direct interaction resembling a homogeneous redox re­
action or via solvent molecules. 
For the case of two redox centres at a large distance, so there is no electros­
tatic influence and no electronic coupling, E0, can equal E02 (neglecting statis­
tical contributions which are small). In that case we expect that E0, and E02 
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would be equal to E of the corresponding "monomers" When the two redox cen­
tres are identical1*. 
E0 1 = E
0
2 = E
0
 (4 5) 
For the case that the two redox centres are at such a distance that there is a 
coulombic interaction then Δ Ε ^ < 0 but the difference between E , and E ^ w l " 
not be so large as m the one centre case. 
If there is both coulombic and electronic interaction ΙΔΕ^Ι will increase be­
cause the délocalisation will stabilize mixed-valence species. It is clear that 
ΔΕ-ρ is always the sum of the electrostatic and electronic interaction This is al­
so true for the conproportionation constant since: 
- con
 1 
A z " Cz'¿ <==========> г в 2 " ' (4 6) 
and 
K c o n - exp(-FAE1 2/RT) (4 7) 
Thus К seems to be not a very suitable measure for the degree of electronic 
con ' ^ 
interaction between the two redox centres. Only for a sene of structural ly 
very similar mixed-valence complexes, a comparison of К for the members of 
' con 
that sene can yield more information about the relative electronic interaction 
(see for example reference 5). In §4.6 we will see that from a comparison be­
tween E of the momomer reduction with E0 of the apropnate reduction of the 
dimer in some cases more information can be obtained about the state of the un­
paired electron m the mixed-valence complex. For synthetic work К remains 
' con 
of importance because it determines the equilibrium concentration of В m sol­
ution . 
It is possible to determine the separate AS0 of the two reductions according 
t o : 
AS 0
e x λ
 = FdE01/dT and Δ5
0
β χ 2 = FdE
0
2/dT (4.8) 
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In the fo l lowing we d iscuss only t h e case in which t h e sum of t h e r a d i u s of the 
redox centre p lus i ts so lvent layer ( r ) is equal or less then half t h e d istance 
between the two redox c e n t r e s ( r 1. г <r /2 (see f i g u r e 4 . 1 ) . F u r t h e r m o r e we 
assume f o r convenience t h a t L^L' and x=y. 
When a symmetr ic mixed-valence molecule is localized (see also §4.4) the two 
reduct ions can be r e g a r d e d as two i n d e p e n d e n t monomer r e d u c t i o n s so we ex­
p e c t : 
u s 0
e x , l = A S O e x , 2 = ^ e x ( 4 · 9 ) 
where Δ3 is now t h e react ion e n t r o p y of t h e r e d u c t i o n of t h e monomer. When ex r ' 
we apply equat ion 2 9 we have to i n s e r t z/2 f o r the c h a r g e and f o r t h e radius 
t h e radius of t h e monomer (a ): 
Δ 5 θ
( . ν -" (Ν β Ζ / ε / ) 3 ε / 3 T x [ ( 1 - z ) / 2 a m ] (4 10) 
ex а ь ь in 
In the case of a delocahzed system we must consider t h e complex as one i n t e ­
g r a l i d e n t i t y . Now we have t o i n s e r t in equat ion 2.9 t h e total c h a r g e of the com­
plex and the r a d i u s of t h e dimer (a , ) : 
A S 0 e x J = ( N a e 2 / E s 2 ) 3 E s / 3 T x [ ( 1 - 2 z ) / 2 a d ] (4.11) 
u S 0 e x 2 = ( N a e 2 / E s 2 ) 3 E s / a T x [ ( 1 - 2 ( z - 1 ) ) / 2 a d ] (4.12) 
It is obvious t h a t now t h e same t r e n d s wi l l be f o u n d as f o r t h e one c e n t r e case. 
Δ5
 9<Δ5 . ( n o t e d t / d T < 0 ) . T h u s f o r t h e delocahzed case we e x p e c t : 
¿ S O e x , 1 * Δ 5 θ
ε
χ , 2 " i S O e x ^ 4 · 1 3 ^ 
In general i t is d i f f i c u l t to p r e d i c t what t h e value of AS0 of t h e c o r r e s p o n d i n g 
monomer wi l l be in re lat ion to Δ5
 л
 and Δ 5 0 τ because t h i s depends upon 
ex,I ex , ¿ 
the rat io of t h e i r r a d i i , a / a ,. In t he ( r a t h e r uncommon) case t h a t a =a , / 2 , i t 
m α m a 
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Figure t.l Scheme of a two center complex 
can be shown from equations 4.10, 4. Π and 4.12 that AS _ is the mean of 
ex 
Д 5 0
е х Л
 and Δ 5 0
β χ 2 : 
A s 0 e x = ( * s 0 e x , 1 + A s 0 e x , 2 ) / 2 ^ 4 · 1 4 ^ 
§4.4 TIMESCALES 
In this section we discuss more e<pl¡citly the importance of the time scales of 
the dif ferent processes involved with electron transfer and the time scale of the 
intervalence transfer itself in relation to the ultimate value of E and AS0 . 
§4.4.1 THE TIME SCALE OF THE ELECTROCHEMICAL TECHNIQUE 
The time scale of the electrochemical technique, used to determine E0, is the 
time in which a characteristic current or potential Pertubation is completed. The 
time scales of the techniques spans the range from minutes for coulometry to ca. 
10 s for alternating current voltammetry. As we will see in the next sections 
these time scales (or time windows) are much longer than those of all other in-
volved processes and can therefore not influence the E determination. This is 
what is actually found: different techniques always give equal E values al-
though the accuracy varies from technique to technique. 
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§4 4 2 THE TIMESCALE OF THE ELECTRODE REACTION 
For a solution with equal concentrations of [Ox]· and [Red], the exchange 
current density ι between electrode and electroactive species m the solution is 
given by 
• o = k s , h x F > < C b = N * F / ( V A e ) (4 15) 
where τ is the average residence time of the electron on the molecule between e ^ 
tunneling from and to the electrode, C, = [ O x ] . = [ R e d ] . and N is the number of 
moles of electroactive species present close to the electrode where electron 
transfer occurs This reaction layer, which will probably consist of only one mo­
lecule layer thickness (x) , is about 10Â Neglecting a Frumkin correction we 
get 
N = Ae χ C b (4 16) 
and 
T e = x / k s < h (4 17) 
к . depends of the specific electroactive species but is for the complexes stu-
-3 -9 
died here in the range of 10 m/s As x=10 m we obtain from equation 4 17 
-ß 
τ =10 s This is much longer than the time needed for the molecular and sol-e ^ 
vent reorganisation processes which determine the free energy difference -FE0 
between reactant and product of the electrode reaction So the time τ between 
e 
two electron transfers from and to the electrode is long enough for ligand and 
solvent dipole adaption Under these conditions E and AS0 data are indeed 
related to a nuclear configuration which is ful ly equilibrated However, for this 
to be so for mixed-valence complexes depends on the valence exchange rate 
which is specified by the averaged time τ between two intramolecular trans­
fers 
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§4 4 3 VALENCE EXCHANGE RATE AND THE TIME SCALE OF INTRAMOLEC­
ULAR AND SOLVENT REARRANGEMENTS. 
Since the extent of the ligand and solvent dipole reorganisation depends on 
the lifetime (τ ) of the discrete oxidation states of the mixed-valence complex, 
we expect that from the study of E and AS an indication about the value of r
 ' ex 
τ can be obtained. 
There are three time ranges for τ : If t >10 s the mixed-valence com­
plex shows itself with trapped valencies and completely adapted ligands and sol­
vent spheres arrangements. If the valence centres are far apart and identical 
we expect according to equations 4 5 and 4 9 
Ä S O e x , r i S O e x , 2 = i S O e x « d Е 0 ^ 0 ^ 0 
If the centres are more close and charged a deviation of these simple relations 
can occur as decnbed in §4.3. 
-14 -11 
If 10 < t i v < ^ s ^ 1 8 s o l v e n t molecules can no longer accomodate the rapidly 
changing local charges· they feel an average charge. Since the polarization of 
the solvent dipoles completely dominates the AS0 for the coordination com­
plexes studied here (as shown m chapter I I I ) , we expect the same trend as for 
mono nuclear complexes: Δ5
 1>Δ5 . « Judged from the AS0 data the va-
e x , I e x , 1 = ex 
lencies seem to be delocahzed. 
For E the situation is not so clearcut as with AS0 , . This is because in E0 
ex 
there are contributions from both the solvent dipoles and the ligand rearrange­
ments as well as an electrostatic contribution. The relative magnitude of these 
contributions is not well known and their ratio's vary with each individual case. 
When the electronic interaction is not too large the sequence E0 1>E0 ?>E0 (for 
positive charged centres) will hold. 
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-14 When τ <10 s the transition rate is so fast that the nuclear configuration can-e э 
not follow the rapidly changing charges. Only in the case that the energies of 
the valence state configurations are equal in a range of internuclear configura­
tions electron transfer becomes possible This situation is most likely to occur in 
symmetric mixed-valence compounds with a very low \ (see §6 3) If besides α 
is high (=0 707) the electron transfer becomes comparable with t rue resonance 
processes and can be very fast. The ultimate result being the class III 
mixed-valence compounds. The behaviour of AS will be the same as for class 
ex 
II complexes (see equations 4 13 and 4 14). 
The relative values of E0 1 and E j will be as in one redox centre complexes 
for two consecutive reductions: E0-. > E0^ As above the relative value of E0·, 
and E 2 with respect to E is di f f icult to predict for a general case. However, if 
the orbital interaction is great and its effect dominates the direct electrostatic 
interaction between the centres the relative values are E •!>£ >£ j for two con­
secutive reductions of a symmetric complex 
§4 5 EXPERIMENTAL 
The equipment and procedure is exact the same as those described m §3 2. 
The only difference is that we used now Bu-NPFg as supporting electrolyte (0 1 
M acetone). All the complexes are prepared according to l iterature procedures6 
except biferrocene and bis(fulvalene)diiron which were generously supplied by 
Professor D О Cowan from the Johns Hopkins University 
§4.6 RESULTS AND DISCUSSION 
The results of the determination of AS _. of redox reaction of several mul-
ex 
ti-nuclear complexes and the corresponding mono-nuclear complexes, together 
with their halve wave potentials are presented in table 4 1 The AS values 
are not corrected for the change m spmmultiplicity because for the dimers this 
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TABLE 1.1 b^tnt íc í7 ' / /no ' Кì and E0 ( ' " parenthesis) for mixed-valence compounds and related monomer complexes 
tot 
CODE COMPLEX 6*—>5* 5+—>4* 4*—>3+ 3*—>2* 2*—>1+ T—>0 0 —>-1 -1—>-2 
I 
II 
III 
IV 
V 
VI 
Ru(bpv) 3 
RuCI(bpy)2 (pyz) 
Ru(NH 3 ) 5 (pyz) 
(NH 3 ) 5 Ru(pyz)Ru(NH 3 ) 5 
(NH 3 ) 5 Ru(pyz)Ru(bpy) 2 
(bpy) 2CIRu(pyz)RuCI(bpy) 2 
3 4 ( 4 47) 26(-1 12) 18(-1 31) 
24C1 05) 18(-1 24) 
44(»0 62) 
43(*0 95) 44(*0 51) 
23(4 m 42C0 70) 
23(*1 19) 22(*1 08) 
VI I (bpy)2Ru(phen-OCH3) 
V I I I (bpy) 2 Ru(L=3)Ru(bpy) 2 
33C1 40) 24(-1 16) 15(-1 38) 5(-1 68) 
59(4 40) 44(-1 15) 31 (-1 37) 35(-1 70) 
29(M 43) 29 (4 38) 22(-1 14) 24 (4 18) 10(4 34) 16(4 41 )20 (4 66) 14( 1 74) 
IX (bpy) 2 Ru(L=4)Ru(bpy) 2 59 (4 40) 4 4 ( 4 15) 3 2 ( 4 37) 28 (4 71) 
* " 3 2 ( 4 43) 28 (4 38) 19(4 14) 25 (4 18) 10(4 34) 12(4 41)20(4 66) 7 ( 4 75) 
р
е
(с5н5)2 
XI ( C 5 H 5 ) F e ( C 5 H 4 - C 5 H 4 ) F e ( C 5 H 5 ) 
XI I Fe(C 5 H 4 -C 5 H 4 ) 2 Fe 
19(4) 64) 
24(+0 86) 18C0 54) 
33(*0 94) 18C0 36) 
XI I I F e 4 S 4 ( C 5 H 5 ) 4 
XIV F e 4 ( C O ) 4 ( C 5 H 5 ) 4 
3 5 ( 4 46) 3 5 ( 4 02) 30C0 51 ) 17(-0 09) 
2 6 ( 4 26) 13(*0 59) 1 3 ( 4 09) 
* Measured according to the procedure described in chapter 5 
correction depends on their degree of délocalisation m their mixed valence form 
and this is not obvious for some complexes Besides, the conclusions derived be-
low will not fundamentally change after this correction For the sake of conven-
ience all transitions are tabulated as reductions although most were actually per-
formed as oxidations 
Mono and di-Ru complexes 
As expec ted , the data of the mono-Ru complexes show that AS0 is pos i t ive 
and tha t on decreasing the charge of the complexes AS decreases Th is is the 
same t r e n d as observed in chapter I I I f o r many t rans i t i on metal DTC complexes 
Note tha t the subs t i t u t i on of bpy by CI and pyz has no great e f fec t upon ¿5° 
The subs t i tu t ion of bpy by phen-OCH., also has a minor ef fect upon AS (com-
pare AS of 1,11 and V I I ) Subs t i tu t ion of bpy by NhU increases AS as is 
shown by the 3 + -» 2* couple of 111 Th is agrees well w i th the ear l ie r observat ion 
made by Weaver and i t was in te rp re ted m terms of a more speci f ic solvent i n te r -
act ion f o r the amine l igand via h y d r o g e n - b r i d g e b o n d i n g ' 
In cont ras t w i t h the mono-Ru complexes the redox couples of t he Ru-d imers 
no longer show the decreasing AS dependency wi th decreasing charges of the 
redox members On the c o n t r a r y , f o r the mixed l igand complex V the t r e n d is 
reversed f o r t he f i r s t reduct ion (5* •* 4 + ) an even lower AS0 va lue (23 e u ) 
is found as compared w i th tha t fo r the second reduct ion (4 + -» 3 + 42 e u ) 
Fu r the rmore , f o r the two successive reduct ions of [ I V ] and [ V I ] AS0 •. 
equals v i r t u a l l y AS j a n c ' these are v e r y close to what was observed fo r the 
cor respond ing redox couples of the mono-Ru complexes ( I I 2+ •+ 1 + and I I I 3 + •+ 
2+ ) 
With the d iscussion in §4 3 and §4 4 m m m d , the resu l ts of AS0 f o r the 
ex 
5+ 2* 
class II complexes IV and V I s t r ong l y suggest tha t [ I V ] and [ V I ] are v a -
lence local ized, o r to pu t i t more exp l i c i t l y 'c.v>10 s since the fo l low ing holds 
Δ5° , AS0
 0 
PV] 6 ' — ΛΧ-'-1> [iv] 5* —??:?-> [IV]4* (4 18) 
AS 0 
[ l l l ] 3 + - - > [ l l l ] 2 + (4 19) 
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w i t h . Δ 8 0
β χ
 = A S 0 e x y L s 0 e x 2 - 4 4 e u · A l s 0 f o r c o m P | e x v l · 
[ V l ] 4 + > [ V l ] 3 + > [ V l ] 2 + (4 20) 
*
s 0 e x , l ^ 0 e x , 2 
[ I I ] 2 * > [ l l ] + (4 21) 
AS 0. 
w . t h : A S 0 e x = A S 0 e x J = u S 0 e X j 2 = 2 3 e u . 
For complex V t h e r e is a close agreement between AS 0 ·, and ûS 0 2 w , t h 
tS of the cor respond ing t rans i t i on of the mono-Ru complexes 
w i t h AS 
[ V ] 5 + > [ V ] 4 + and 
^
0 e x , 1 
O e x , 1 ^ s 0 e x = 2 3 e u - a n d : 
[ V ] 4 + > [ V ] 3 + and 
*S0ex,2 
[ l l ] 2 + - -> [ И ] * 
^
0
e x 
[ I I I ] 3 * > [ l l l ] 2 + 
^
0 e x 
(4 22) 
(4.23) 
w i t h AS „ „ * AS 2 = 43 e u. These resul ts ind icate a localized b e h a v i o u r of 
3 + [ V ] . I t was concluded f r o m t h e halve wave potent ia ls t h a t t he f i r s t o x i d a t i o n 
3 + of [ V ] was due to t h e pentaammme s i t e 9 which is m tota l agreement w i t h t he 
AS outcome. 
T h e outcome t h a t the two Ru-centres in t h e d i - R u complexes act i n d e p e n d e n t ­
l y , combined w i t h the d is tance between the two R u - c e n t r e s (ca. 6 9 Â ) 1 3 and 
the rad ius of t he acetone molecule (ca. 2.5 A ) 1 * suggest t ha t the solvent layer 
wh ich accomodates the charge changes on the Ru -cen t re is l imited to on ly one or 
two so lvent molecules t h i ckness . Th is is an i n te res t i ng resu l t fo r the discussion 
of recen t l y proposed models of ionic s o l v a t i o n 7 ' 1 5 . 
The localized descr ip t ion of [ V ] and [ V I ] is genera l l y accepted as it is 
con f i rmed by several t echn iques 1 0 and the ¿S0 resu l ts nicely f i t s in th is v iew. 
The o r d e r of E 0 ,>E 0 2 > E 0 f o r the complexes V and V I is as expected f rom pu re 
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electrostatic considerations and consequently there may be only l itt le electronic 
interaction between the two Ru centres 
For the Creutz-Taube ion, [ IV] , however, other recent reports consider 
the status of the unpaired electron as still uncertain 1 1 as different techniques 
yield different results2 The AS results, which point clearly to a localized 
system with τ >10 s, are interesting when we compare this with the observa­
tion that the wave lenght of the IT band is independent of the nature of the 
solvent. From this it was concluded that the electron transfer is much faster 
then the solvent reorganisation1 2 
The difference m E0 for the 4* > 3* and 3* -» 2* transitions of VI which is ПО 
mV, can be, as already mentioned, exclusively attributed to electrostatic inter­
action This interaction is due to the fact that the f i rst reduction now proceeds 
in the presence of the additional field of the neighbour 2* charge m contrast 
with the monomer reduction For complex V there is also only electrostatic inter­
action and indeed the difference m E for the 5* •* 4* reduction of V and the 2* -* 
1* reduction of I I , of 130 mV seems reasonable In fact it is somewhat larger 
than 110 mV because the f i r s t reduction proceeds now m the presence of а З* 
ion. Thus from the difference m E0 for the two reductions of IV (440 mV) an 
amount of ca 440-110=330 mV must be attr ibuted to electronic interaction be­
tween the two Ru centres That the coefficient α must be great can also be con­
cluded from the fact that Ε 0 1 >Ε
0
^Ε
ο
2 (see И 4 3) 
A nice example of two probably completely non interfering redox centres 
(due to a long saturated chain) are the complexes VII I and IX. In the cyclic vol-
tammogram four two-electron couples appeared according to the transitions б-* 
4 + ; 4+ •+ 2* , 2+ •* 0 and 0 -» -2 s C From a comparison of the E0 values of these 
transitions with the corresponding transitions of the mono-Ru complex VII we 
conclude that there is no interaction (coulombic or electronic) between the redox 
centres Recording cyclic voltammograms of VI I I and IX with the same scan rate 
(200 mV/sec) where the monomer VII showed reversible behaviour (ΔΕ = 60-80 
mV) resulted in ΔΕ values for three transitions which are much larger than is 
expected for a reversible two electron transfer (ΔΕ =28 mV) 6+ ->• A* (70 mV), 2+ 
-• 0 (90 mV) and 0 •* -2 (110 mV). However, such a behaviour can be expected 
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for a 2 E mechanism where E02 < Eo,+200mV. With a procedure explained m 
chapter V it is possible to extract E -, and E 2 from the CV curve The result­
ing values are also tabulated m table 4 . 1 . While the succesive reductions of the 
monomer VII show again the trend of decreasing AS with decreasing charge, 
this trend is less strict in the dimers VIII and IX. Although the prediction of 
equation 4.9 holds deviations are significant at low oxidation states. The dis­
crepancy between AS0 of the monomer and Δ50 ·, and AS0
 9 is very pro-
nounced for the 2+ I4·, 1 + -* 0, 0 • -1 and -1 •* -2 transitions At this time no 
good explanation is available for this complicated behaviour and it seems necces-
ary to do a more detailed study on complexes with this kind of flexible bridges 
(for instance those listed in table 111 of reference 6c) 
It is of interest to note that even for the reductions -1 •• -2 positive AS 
values ( + 14 and +7 e.u for VIII and IX) where found. For a discussion of this 
phenomenon we refer to chapter III 
Complexes derived from ferrocene 
A thoroughly studied class of mixed-valence complexes are those which can 
be thought as derivatives of ferrocene (Fc) such as biferrocimum (Fc-Fc ) and 
the bis(fulvalene)diiron cation (Fc=Fc ). Because of their simple electrochemis-
try and because Fc-Fc is an example of a localized system whereas Fc=Fc is an 
example of a well defined delocahzed system, Fc, Fc-Fc and Fc=Fc form an ap­
propriate test set for the equations 4.9 and 4 13. The AS0 values together 
with the E of the transitions of interest are tabulated in table 4.1 The value of 
19 e.u. of the 1 + •+ 0 transition of the Fc couple is in the range of what is found 
for this couple in other solvents1 6. According to the predictions of equation 
4.9, AS and AS 2 of the 1 + "* 0 transition of Fc and Fc-Fc are equal within 
experimental error. However we also expected that AS , would be equal to 
AS but there is a significant deviation. There are three explanations possible 
for this discrepancy: /) AS0 , AS0 -, and AS0
 9 approach each other slight-
С Л w A f l G A / ¿ 
ly if we correct for the changes in spin multiplicity and for the fact that there 
¡s statistical advantage for Fc-Fc (assuming localisation) We obtain then 
¿S0 =20 e u. (Fc.1* -> 0), AS° ,=24 e.u (Fc-Fc. 2* -> T ) and AS° ,=20 
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e . u . (Fc -Fc : 1 + -> 0 ) . / / ) From the Mössbauer spect roscopy at 77K i t is clear 
t ha t there are d isc re te F e ( l l ) and F e ( l l l ) sites in Fc-Fc On e leva t ing the tem-
pe ra tu re (300K) t he re was a l i t t l e change in the spect rum which has been i n t e r -
pre ted by the presence of a l i t t l e amount of delocal ized mater ia l , p robab ly the 
cis i s o m e r 1 7 ' 1 ' . The amount of cis isomer wi l l be small because the t r ans con f i g -
urat ion of Fc-Fc wi l l be favou red due to s te r i c h i nde r i ng (Fe-Fe d is tance 5.12 
Ä ) 1 9 . I t is reasonable to assume tha t in the cis con f igu ra t ion (Fe-Fe d is tance ca. 
4 Â) there is a poss ib i l i t y of a t h r o u g h space in te r -va lence t r a n s f e r . X - r a y data 
po in t ou t tha t the in te rconnec t ing C-C bond in Fc-Fc is of an essent ia l ly s ingle 
2 2 bond character (1.48 Â compare th is w i t h 1.47 Â f o r a sp - sp C-C single 
b o n d ) 2 0 . Thus in solut ion t he re is a convers ion possible f rom the t r ans to the 
cis isomer. The d i f fe rence of 4 e . u . between AS „ . -, and AS _ τ m i g h t be as-
ex, I e x , ¿ J 
cr ibed to a minor con t r i bu t i on of the valence delocalized eis f o r m . Also the o r -
der E0 ,>E0>E02 po in ts to considerable valence state m i x i n g . /;';') In the Fc-Fc 
complex the t rans con f igu ra t i on is s t r ong l y favou red f o r e lect rosta t ic reasons. 
2+ + 
However, go ing f rom Fc-Fc to Fc-Fc the coulombic repuls ion between the two 
Fe centres wi l l be d imin ished and rotat ion about the in te rconnec t ing C-C bond 
becomes possible. Th is resu l ts in an addi t ional en t ropy increase, a l though th is 
ef fect is p robab ly smal l . 
For the redox couples of the Fc=Fc ca t ion , we see the behav iour p red ic ted 
by equations 4.11 and 4.12 tha t AS
 1>AS τ i .e. t he same t r e n d as ex-
' e x , I ex , ¿ 
pected for a one redox cen t re complex. Th is is suppor ted by the sequence 
E i>E >E 2 and the fac t t ha t E 2 is 280 mV more pos i t ive than E0 suggests con-
s iderable valence state m i x i n g . A t f i r s t g lance i t is s u r p r i s i n g tha t AS0 of Fc 
is equal to AS τ because i t is reasonable to assume t h a t a , > a and t h u s 
ex ,¿ α m 
AS0 >AS0 2· However, f r o m X - r a y data a Fe-Fe distance is o b t a i n e d of 3.98 
Â 2 0 impl icat ing tha t t he so lvent layer of t he two Fe centres in Fc=Fc cannot be 
the same as in the co r respond ing monomer Fc (an assumption we made in d e r i v -
ing the conclusions in § 4 . 3 ) , since in Fc t he re is a f ree access f o r t he so lvent 
dipoles to each side of t he complex. So the so lvent spheres in Fc and Fc=Fc wi l l 
d i f f e r considerable and the fac t t ha t AS _
Ж
=
А5 j must be i n t e r p r e t e d as a co­
incidence. 57 
In contrast with the complexes IV, V and VI it is now not possible to deduce 
anything about the relative extent of délocalisation from Δ Ε ^ because the elect­
rostatic part of it is certainly not the same for Fc-Fc and Fc=Fc A detailed dis­
cussion of the E values of poly-ferrocenes is given m reference 21. From the 
US0 data presented here it is clear that , unlike the complex [IV] , part of 
the stabilisation of the complex [X I I ] is achieved via an entropie effect 
In conclusion we state that our results f i t with the description that the trans 
+ + 
isomer of Fc-Fc is a class II complex and Fc=Fc approximates a class III com­
plex. 
Fe4 clusters 
The data for the Fe^ clusters (complex XII I and XIV in table 4.1) must be 
regarded merely as preliminary results of a more general electrochemical study 
of Fe^S^ clusters currently carried out in this laboratory. Formally spoken, the 
clusters are also mixed valence compounds and this is the reason we discuss 
them in this chapter. 
A notable difference b e t r e n the ¿S0 values of the redox couples of XII I 
and XIV is that those of the former are all larger then the Δ5 values of the 
apropnate transitions of XIV. An origin for this is probably that the structure 
of XI I I is more open to solvation than that of XIV, resulting m a smaller effec­
t ive radius Another reason, at least for the 2+ •* I* and 1 * •+ 0 transitions of 
X I I I , can be obtained from Mossbauer data. It was concluded that these re­
ductions were ligand based, so the charge changes occur then more m the pe­
riphery of the c luster 2 2 . For the three redox couples of XIV it was concluded 
from the Mossbauer spectroscopy that these reductions were of mixed met-
al-ligand character 2 2 
§4.7 CONCLUSIONS 
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Though the group of complexes studied here is rather limited, it is clear that 
the determination of AS _„ of redox reactions of mixed-valence complexes can 
ex 
yield more information about valence délocalisation. 
From the AS results it can be concluded that the life time τ of the dis­
crete oxidation states for the Creutz-Taube ion and its analogs are all larger 
than 10 s as is the case for Fc-Fc . In contrast with this τ for Fc=Fc must 
be shorter than 10 s. 
For the Ru-dimers with L=3 and L=4 as bridge, the Ru-centres have trapped 
valency and behave independently. However, for the highly reduced species 
some confusing results ask for more study. 
An important result of the study is that the radius of the polarized solvent 
layer surrounding the charged complex is limited to one or two solvent molecules 
thickness 
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CHAPTER V 
DETERMINATION OF THE REACTION ENTROPIES FOR THE SINGLE STEPS OF 
TWO ELECTRON TRANSFER PROCESSES WITH SMALL E0., AND E 0 2 DIFFER­
ENCES. 
A P P L I C A T I O N TO [ А и
д
( Р ( С 6 Н 5 ) з ) 8 ] 3 + and [ ( b p y ) 2 C I R u ( p y z ) R u C I ( b p y ) 2 ] 2 + . 
§5.1 INTRODUCTION 
As shown in the p r e v i o u s c h a p t e r i t is easy to obta in AS -, and Δ5 j 0^ 
a t w o step r e d u c t i o n , as long as Δ Ε ^ ( = E ι ' Ε o) is l a r g e r then 250 mV. For 
cases w i t h ΔΕ·^ values less t h e n ca. 250 mV, t h e i n t r o d u c e d e r r o r by e q u a t i n g 
t h e h a l f - w a v e potent ia ls w i t h E , and E j becomes g r e a t e r (see table 5 . 1 ) . For 
ΔΕ,., less t h e n 130 mV even no separate peaks can be o b s e r v e d in the CV. 
Table 5.1 Error ¡η E . and Ε , as function of ΔΕ«, 
Δ Ε 1 2 F
0
 - F 1 
ь
 1 ь 1/2 
-0.7 
-1.0 
-1 5 
-4.5 
-6.3 
рО р2 
Е
 2 " Е 1/2 
1.2 
2.0 
2.3 
5.5 
7.5 
300 
250 
200 
140 
130 
120 anodic and cathodic peaks merge 
All values In mV and calculated with QU AQUA 
R e c e n t l y , R ichardson and T a u b e 1 developed a method f o r t h e determinat ion of 
E , and E J f o r a two step electrochemical c h a r g e t r a n s f e r , f o r cases w h e r e 
Δ Ε , 2 is in t h e range of -200 to 200 mV. From t h e measured peak w i d t h E D ~E D /2 
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or the peak separation ΔΕ in the cyclic voltammogram and their set of tabulated 
parameters the desired potentials can be directly obtained from a simple calcu­
lation. This set of parameters is available for one temperature only (298K). In 
order to determine AS , and Δ5 τ for such a two step transfer we need 
e x , I ex,2. 
the temperature coefficient of E0·, and E02 and thus the parameters of Richard­
son and Taube have to be calculated for every temperature of interest. 
Compounds exhibiting a two step transfer with small ΔΕ·^ values are the re-
cently described gold cluster compound2 [AugiPCCgHcWo] undergoing a two 
electron reduction with ΔΕ-^^Ο mV and the di-Ru complex' 
2+ [ ( b p y ^ C I R u f p y z ) R u C K b p y ^ ] which can be oxidized m two steps with 
ΔΕ12=130 mV. 
§5 2 RESULTS AND DISCUSSION 
The results of our calculations for six different temperatures m the range 
253-303K and various Δ Ε ^ values are given in appendix I I I . See for the applica­
tion of the tables reference 1. The dependencies of Ε , and E ^ on temperature 
for [ A u g ( P ( C 6 H 5 ) 3 ) 8 ] 3 + and [ ( b p y ^ C I R u i p y z ) R u C K b p y ^ ] 2 * were determined 
by cyclic voltammetry at a Pt electrode in acetone solutions (0.1 M ВидМРР6) 
The results as calculated by the Richardson-Taube procedure are assembled m 
table 5 2. 
As explained in chapter II we expect AS to decrease with decreasing 
charge of the complex. This is indeed observed for the reductions of 
[AugCPCCgHcînio] , for the di-Ru complex m contrast Δ50 , and ¿S0 j a r e 
equal within experimental error. The reason for this last observation is exten-
sively discussed m chapter IV and will not repeated here. 
3* From a theoretical point of view, the cluster compound [AugCPCCgHj-),)«] 
possess several interesting properties. 
/ The redox centre constituted by the nine gold atoms is stencally well 
shielded from the solvent molecules by the triphenylphosphme ligands and the 
outer layer of the cluster is virtually made up of phenyl r ings. The short range 
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Table 5.2 Electrode potentials and reaction entropies 
[ A u g ( P ( C 6 H 5 ) 3 ) 8 ] 3 + / 2 + / + [ ( b p y ) 2 C I R u ] 2 ( p y z ) 4 + / 3 + / 2 < 
Temp ( К ) E ^ E 0 2 Δ Ε 1 2 Е ^ Ε 0 2 Δ Ε 1 2 
253 
263 
273 
283 
293 
303 
¿ S V I 
û S O e x , 2 
Δ δ 0
ο ο η 
Δ Η θ
ο ο η 
Δ0 ο con 
К 
-394 
-386 
-374 
-365 
-358 
-417 
-412 
-405 
-403 
-399 
21.4 
10.4 
11.0 
2.4 
-0.6 
3 
23 
26 
31 
38 
41 
1149 
1163 
1175 
1182 
1192 
1198 
22 
22 
-0 
-2 
-3 
280 
1021 
1032 
1043 
1053 
1061 
1071 
.3 
.9 
.6 
.9 
.1 
128 
131 
132 
129 
131 
127 
All potentials in mV and all entropies in cal/mol К 
Л с 0
с о п °
nd
 Μ\οη i n kcal/mol; RTInK^-FtE^ 
^ е х Л - ^ ^ ' · A S W * ^ ' « " " ; <:οπ-Δ5θβ*,/-Δ5θβχ,2 
i n t e r a c t i o n s between t h e so lvent molecules and the p h e n y l g r o u p s are expected 
t o u n d e r g o minor changes upon reduct ion and t h u s do not c o n t r i b u t e t o Δ 5 0 
/7 Due to its large r a d i u s (10 Â) the e lect r ic f ie ld outs ide the pheny l layer 
wi l l be low and thus d ie lec t r i c saturat ion ef fects wi l l then be small. F u r t h e r -
more , because of its h igh symmet ry , large rad ius and s ter ic sh ie ld ing by the 
pheny l r i n g s , the c lus te r can be approximated as being a sphere w i th a homoge-
neous charge d i s t r i b u t i o n . 
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In conclusion we state that the cluster solvent system resembles strongly the 
simple model as used in the Born calculation of AS . This view is supported 
by the following. For the gold cluster compound the ratio of entropy values, af­
ter correction for changes m spin multiplicity ( iRln2), is 20 0/11 8 = 1 69 (see 
table 5.2) According to the Born model, the reaction entropies for a two step 
reduction as m equation 4 2, leaves the charge ζ as the only parameter for the 
ratio of AS0 , and AS0 j a s ^he radius (a=10 Д) is the same for both the 3+ 
and the 1+ compounds1"5 (and probably also for the 2* cluster). With equation 
2.9 we calculate for AS0„„ ι/Δ50„.,
 0 = 1 66. From the similarity of experimental 
e x , I e x , ¿ ' 
and Born ratios we conclude that the reaction entropies are completely domi-
nated by the changing order of the solvent dipoles in the electric field of the 
cluster ion. That there is no contribution to ¿S0 from intrinsic reorganisation 
is m Ime with the high degree of fluxionahty1* of the cluster and it can be ar-
gued2 that m solution the configurational changes upon reduction are accompa-
nied with very low energy changes. 
The conproportionation equilibrium 
The thermodynamic parameters of the conproportionation equilibrium (e-
quation 5 1) are closely related to those of the succesive redox steps discussed 
here. It is easily seen that equations 5 2 and 5 3 hold and the values found for 
these parameters are also listed in table 5 2. 
К con 
•RTInK 
con 
A z 
AG0 con 
• c z " 2 <==========> 2B Z " 1 
= u H O con - T ¿ s 0 c o n
 =
 -
F¿E12 
uSOcon = ÄSOex,1 - AS0ex,2 
(5.1) 
(5 2) 
(5 3) 
For the ruthenium complex with AS° „ „ nearly zero, this means that 
con ' 
ion AG =ΔΗ = -FAE10, and so the driving force for the conproportionat 
con con l¿ 
consists only of an enthalpy term. ¿E^ (table 5.2) is independent from the 
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temperature and so is the redox stability of the mixed-valence ion 
3* (bpy)2CIRu(pyz)RuCKbpy)2 -
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CHAPTER VI 
INTERPRETATION OF ELECTROCHEMICAL ACTIVATION PARAMETERS 
§6.1 ELECTROCHEMICAL RATE CONSTANTS AND ACTIVATION PARAMETERS 
For the general chemical reaction 6.1 
к 
A > В (6 1) 
the rate constant к can be written according to the absolute rate theory as: 
к = Aexpí-AG'VRT) (6 2) 
A corresp'onding equation is applicable for the electrode reaction (6 3) 
k(E) 
Ox + M(e,E) - > Red • M(E) (6 3) 
w i th : 
k(E) = Aexpi-AG^/RT) exp(-aFE/RT) (6.4) 
with A = Ζ кр (see §6.3) and Ζ = /(RT/2TTm) (m is molecular mass). 
In normal chemical kinetics one obtains the activation parameters from rate 
data at different temperatures. A Rink vs. 1/T plot then gives ΔΗ and Δ5 as 
the slope respectively the intercept since equation 6.2 can be rewritten as: 
Rink = RlnA - Дн т + AS* (6.5) 
In the expression for k(E) however there is an additional potential term: 
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Rlnk(E) = RlnA + LS* - Дн т - aFE/T (6 6) 
Without experimental precautions the last term in equation 6.6 prevents an eval­
uation of ΔΗ and Δ5 from the Rlnl<(E) vs. 1/T plot because the temperature 
coefficient of this term is in general unknown. There are two experimental meth­
ods to face this problem: 
a) For the measured temperature interval k(E) is determined at a constant elec­
trode potential E with respect to a temperature independent fixed reference po­
tential. With the cell construction as described m chapter II we are able to hold 
this electrode potential constant for every temperature, so ЗЕ/Э(1/Т)=0. The 
slope of a Rlnk(E=E ) vs. 1/T is called m the l iterature ' the ideal enthalpy of 
activation (ΔΗ . ) : 
AH l d '
!
 Ξ -3Rlnk(E=Ec)/8(1/T) (6 7) 
Thus from equation 6.6: 
ΔΗ^* = ΔΗ* - aFEc (6.8) 
assuming ЭЛН''/э(1/Т)=0; ЭЛз'/эО/Т) and 3α/3(1/Τ)=0. Likewise the activation 
entropy which can be extracted from the intercept once A is known (see §6.3), 
is called the ideal entropy of activation (AS , ) From 6 6 it follows that 
àSld*= AS* (6 9) 
b) A second way is to determine the к , at different temperatures. Exper­
imentally this is a very convenient route. Several electrochemical techniques 
(see §7.2) can determine к . and no temperature independent reference poten­
tial is required so the construction of the cell can be very simple. Introducing 
E=E in equation 6.6 we obtain: 
Rlnk s h = RlnA
 +
 AS* - ΔΗ'/Τ - aFE0/T (6.10) 
Recalling the relationship -ΡΕο=Δ0ο=ΔΗο-ΤΔ5ο we get. 
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Rink . = RlnA • LS* - Δ Η ' / Τ + αΔΗ 0 /Τ - αΔ50 (6 11) 
s , η 
A c c o r d i n g to accepted nomenclature we d e f i n e t h e real parameters as 
AGrJ Ξ - R T I n ( k s h / A ) = AG'' - aAG0 (6 12) 
and 
Δ Η ^ Ξ - 3 R l n k s h / 3 ( l / T ) = ΔΗ^ - αΔΗ0 (6 13) 
а5
ге
* Ξ 3 R l n ( k s h / A ) / 3 T = áS* - αΔ50 (6 14) 
We recal l t h a t Δ 5 0 is the e n t r o p y d i f f e r e n c e between Ox and Red of react ion 6 3 
as d e s c r i b e d m c h a p t e r II 
Compar ing equat ion 6 9 w i t h 6 14 y i e l d a usefu l l re lat ion between Δ5 and 
A S
, d ' 
AS J = AS * • αΔ5 0 (6 15) 
id re 
I t is easy to show f rom equat ion 6 15 t h a t Δ5_ , in t h e case that α =1/2, is s im-
' re 
p l y t h e mean oi t h e f o r w a r d - and b a c k w a r d a c t i v a t i o n e n t r o p y 
а
 ге
* = U S / • &Sb*)/2 (6 16) 
As an i l l u s t r a t i o n of the f o r e g o i n g Rink . t o g e t h e r w i t h R lnk(E) vs 1/T plots 
are shown m f i g u r e 6 1 
It has been s h o w n 1 t h a t t h e comparison between t h e exper imental obtained ac­
t i v a t i o n parameters and those obta ined b y t h e Marcus model (see §6 3) is d i r e c t ­
ly possible f o r real act ivat ion parameters Moreover real act ivat ion parameters 
have a v e r y close r e l a t i o n s h i p w i t h t h e c o r r e s p o n d i n g homogeneous exchange 
react ion In t h e case of adiabatic react ions i t can be s h o w n 2 t h a t AG 
re 
= Δ 0 /2 T h e same r e l a t i o n s h i p holds f o r t h e e n t h a l p y - and e n t r o p y of a c t i ­
vat ion However ideal parameters can also be of i n t e r e s t For example the de­
t e r m i n a t i o n of A S . is much more accurate then t h e determinat ion of AS T h i s 
id re 
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αΔ5£ 
Figure 6.1 RlnkíE) vs UT [dotted lines) and Rlnks h vs. I IT (.solid line) 
is caused by the fact that Δ5 j is determined from the intersection of several 
lines while AS is determined from the intersection of only two lines (see f i g ­
ure 6 1). Furthermore from a Ink(E) vs E plot α can be determined and re­
lation 6.15 can be tested as an internal control. 
For the evaluation of AG„„ and Δ5_ knowledge of the preexponential factor 
re re 
A is needed However A suffers from the uncertainty m the transmission proba­
bil i ty к. In к are collected the electronic contributions to the activation barrier. 
к is related to the strenght of the electronic interactions between the reactants 
here the electrode and the complex. An a prior i estimation of к for an electrode 
reaction is as yet not possible. It is generally assumed that outersphere electron 
transfer reaction of coordination complexes are adiabatic, κ=Π, at least for ho­
mogeneous reactions 3 . Experimental determination of к is di f f icult for an elec­
trode reaction. Low к values are reflected m low intercepts of an Arrhemus 
plot, or indirectly, m abnormal low rate constants. The inverse is not true A 
low intercept of the Arrhemus plot can result from other reasons for example 
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substantial work term contributions For homogeneous reactions two interesting 
recent attempts3 '* are reported to determine the extent of non-adiabaticity of 
electron transfer reactions We feel intuit ively that the degree of 
non-adiabaticity of the homogeneous outersphere electrode reaction will correlate 
with the degree of non adiabaticity of the corresponding outer sphere electrode 
reaction, since к should be in the f i rs t place a reflection of the electronic prop­
erties of the reacting complex 
For the evaluation of the experimental data we will assume that к and ρ equal 
one 
§6 2 THE EFFECT OF THE DOUBLE LAYER 
In the foregoing it was assumed that the electroactive substrate (Ox) was at 
the bulk solution potential (φ ) when electron transfer occurs However, due to 
the electric double layer at the electrode-solution interface, the potential at the 
reaction м<е is ^ and <t>2¿<t>s So at the applied electrode potential E=0 φ , the 
effective dr iv ing force is φ-Φ? ' n ^ е case that Ox is charged there is an ad­
ditional effect m that the concentration at the reaction site deviates from that 
just outside the difuse layer by a factor exp[-zF($2"* s ) / 'RT] 
Both effects change the expression for k(E) from equation 6 4 into 
k ( E ) c o r r = k ( E ) e x e x p ( z ± a ) F U 2 - i s ) / R T (6 17) 
The exponential term in equation 6 17 is called the Frumkm correct ion 5 ' 6 It 
can only be applied when ^ is known and even if $5 l s identified with the po­
tential of the outer Helmholtz plane (oHp) a calculation using double layer mod­
els is often impossible because necessary data are not available 
It is obvious that for the activation parameters determined from experimental 
rate constants also corrections are needed For real activation parameters this 
correction becomes 
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A G
' r e , c o r r = R T I n ( A / k s , h ) - f o ( 6 · 1 8 ) 
Л Н
^ г е , с о г г
 =
 -3(Rink s h ) / a ( i / T ) - a( f 0 /T)/3(1/T) (6.19) 
tS\e corn = 3 i R T I n k s
 h /A)/aT + 3fo/3T (6 20) 
with: 
f 0 = ( z - a ) F U 2 - * s ) 0 (6 21) 
If 02=*ohD t ' i e n ' using the Gouy-Chapman model: 
(*2-*s ) 0 = ( 2 R T / F ) A r c s i n h [ q m / ( 8 R T ^ E o E s C o ) 1 / 2 ] (6 22) 
where q is the charge density at equilibrium at standard conditions. The de­
termination of q for solid electrodes is dif f icult The use of surface tension 
m 
measurements as is usual for mercury electrodes is not routmeously applicable 
for solid electrodes, however, a few attempts have been reported 7 . Also the use 
of differentia' capacity measurements is not without danger for Pt electrodes (at 
least in aqueous solutions) according to several reports*. So far we are aware 
there are no double layer studies available for the Pt/0.1M Bu^NCICbfacetone) 
interface. So we have made some estimates of the corrections. Assuming q _ to 
•^  m 
2 
be 0.1 C/m wich corresponds with a value of ca. 100 mV for Ψτ-φ,. the cor­
rections of equations 6.18, 6.19 and 6.20 becomes (see also appendix IV): 
f = 1 kcal/mol a(f /Т)/Э(1/Т) = 0.1 kcal/mol af /ЭТ = 4 cal/mol К 
о о о 
The corrections used in the calculation of AG and AS _ can be 
re,corr re,corr 
substantial and due to the uncertainty in these corrections the rehabilty of 
these parameters is dubious. However, the corrections for ΔΗ is small, con-re 
sidermg that ΔΗ is always found to be more than 3 kcal/mol. Indeed, for sys-
-^  re 
terns where double layer corrections were made their influence on ΔΗ turned 
' re 
out to be small and not more than ca. 0.5 kcal/mol'. In conclusion ΔΗ as de-re 
termmed from temperature dependent rate constants is an attractive parameter 
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as neither double layer corrections, nor the unreliability m the pre-exponential 
term A, do effect it seriously. 
§6 3 THE MARCUS DESCRIPTION OF THE RATE OF ELECTRON TRANSFER 
REACTIONS 
Several semi-classical2' 1 0 ' 1 1 and non-adiabatic-quantum-mechamcal 1 2 treat­
ments are available which relate molecular- and solvent properties to the rate of 
the electron transfer. Since it appears that the quantum-mechanical treatments, 
which are hard to apply m practical cases, predict results which approach those 
of the simple Marcus model12 we prefer to restrict ourselves to the Marcus mod­
el. 
Generally speaking one can say that the activation barrier for an elec­
tron-transfer reaction consists of the Franck-Condon barrier or nuclear rear­
rangements and of electronic- or non-adiabatic contributions. In terms of the 
Marcus model: 
k(E) = Ζ Kpexpt-AG-.^EVRT] (6 23) 
where ρ is the ratio of mean displacements m R (the distance of closest ap­
proach) to mean displacements m the activated complex region along the reaction 
coordinate. Usually p=1. The Franck-Condon barrier is reflected in bG^ (E) 
whereas the electronic effects are represented by к. For the calculation of ¿G., 
Marcus used the free/energy relationship: 
AG^ ÍE) = ДС!'(Е0)[1+ДС(Е)/4ДС''(Е0)]2 (6.24) 
AG.. (E) is the free energy of activation when the reactants are at a distance R 
(here the distance of the reaction site of Ox to the electrode surface)2. After 
inserting the appropriate values for AG (E0) and AG(E): 
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A G ^ Í E ) = ( ω Γ +
ω
ρ ) / 2 + λ
β Ι
/4 • F(E-E0)/2 * [ F ( E - E 0 ) + u p - U r ] 2 / 4 X e | (6.25) 
It is known that equation 6.25 f its experiments only in the ¡so- and endoergonic 
region1 2 . In this region the equation approaches the often used Rehm-Weller 13 
free energy relationship as well as the predictions of the quantum-mechanical 
models which hold also in the exoergonic region. In the case of the к . deter­
mination the reaction occurs at the isoergonic point and equation 6.25 simplifies 
to: 
AG t h i t (E 0 ) = ( ω Γ + ω ρ )/2 • Xe|/4 * (w p -w r ) 2 /4X e l (6.26) 
λ ι can be thought to have contributions from the reorganisation of the outer 
and the inner atmosphere of the electroactive species: 
X
el = \* Xo ( 6 · 2 7 ) 
where the inner atmosphère is identified with the intramolecular surrounding of 
the redox centre. For metal complexes λ- is the contribution from the ligands, 
according to equation 6.28: 
\ = Σ [ { ί ^ * / ( ^ * ) } ( Δ 9 | ) 2 ] (6.28) 
The contribution of the outer atmosphere is usually considered to be the electric 
polarisation of a structureless continuum: 
К = ( N
= l e
2 / 2 ) { 1 / a - l / R } { 1 / E „ - 1 / E o } (6.29) 
O o O S 
For the homogeneous case attempts were done to calculate the workterms ωΓ 
and ωρ in equation 6.251'', but for the heterogeneous case no exact treatments 
are available1 5. A very crude -neglecting mirror ¡mage charge- approximation 
is: 
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ωΓ
 = -zFU 2 -0 s ) шр = - (z-1)F(* 2 -0 s ) (6 30) 
Like the calculation of activation parameters from experimental data, the theore­
tical activation parameters show also a double layer effect So one has always 
the task to evaluate фу potentials and there are then two possibilities a) One 
can correct the experimental rate constants with the Frumkin correction as de­
scribed m the preceding paragraph and compare the corrected data with the 
Marcus theory where then the work terms can be neglected b) Another route is 
to compare the uncorrected experimental data with theory and then we must cal­
culate the work terms for the prevailing conditions with equation 6 30 For 
conditions involved m this study, where λ is rather large as compared with the 
work terms, the last term on the rhs of equation 6 26 will probably not contrib­
ute significantly to AG., (E0) In contrast the f i r s t term in the rhs of equation 
6.26 can have a value of ca 3 kcal/mol From this it is clear that the uncertain­
ty m ¿G., (E ) can be considerable 
Theoretical real activation parameters can be obtained as follows From 
equation 6 23 we get 
k
S , h t h = A e x p i -A Gre^, th / R T l ( 6 3 1 ) 
herein AG ^, = ^Cj+h (E ) as given by equation 6 26 Using the result of ap-
pendix IV that 3( («2-* s ) /T) /3(1 /T)=0, assuming aX/a(1/T)*0 and neglecting 
the last term in equation 6 26 we calculate from equation 6 26 
A H r e # , t h E - 3R lnk S / h t h / 3 (1 /T ) = 
= (N e 2 / 8H1 /a -1 /R} {1 / E •(Τ/ε
Λ
2 )3ε„/ЭТ-1/ε -(Τ/ε 2 )3ε /ЭТ} • λ / 4 (6 32) 
α Ο Ο Ο S S S I 
For Δ 5 „ iL we obtain re , tn 
A S r e ' / t h , 3 R l n ( k S / h t h / A ) / 3 T = 
= ( N a e 2 / 8 ) { 1 / a - 1 / R ) [ ( 1 / E o 2 ) 3 E o / 3 T - ( 1 / E s 2 ) 3 E s / 3 T ] * Э(цЛыр)/2ЭТ (6 33) 
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We conclude that ΔΗ ., is not effected by double layer effects but that 
AG j.. and Δ5 j . have a contribution from the workterms Like the exper-re , th re ,τη 
•mental activation parameters, AG ., and tS .. look rather unattractive 
re ,th re , th 
so that the real activation enthalpy is the appropriate parameter to compare the­
ory with experiment 
When the interaction of the electroactive substrate with the electrode can be 
described by a mirror-force, we can approximate R = 2a In that case ΔΗ .. 
and Δ5 (see equation 2 9) show the same dependence on the radius a of the 
complex Thus plotting ΔΗ
 t . vs AS0 for a group of complexes where only 
a varies (assuming λ small) should yield a straight Ime A corresponding corre­
lation is predicted and experimentally tested 1 6 between AG and AS0 for homoge­
neous exchange reactions 
Inserting the correct numencals and taking a=5Â and R=10Â equation 6 33 
yields 
A Sre th = 0 8 *3 (u r * u p ) /28T (cal/mol К) (6 34) 
Thus under the favourable condition that 02"* -0 the Marcus theory predicts 
that AS .. = 0 If we use this result in combination with equation (6 16) we 
re , tn 
obtain AS, = "AS, The entropy of the activated state of the electron transfer 
lies midway between the entropy of Ox and Red 
§6 4 CONCLUSIONS 
For an electrode reaction it is possible, once the correct experimental condi­
tions are provided, to determine real- and ideal activation parameters The de­
termination of the two sets together is advantageous as it enables internal 
control possibilities and a more accurate determination of the activation entro­
pies 
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Fortunately it appears from calculations based on the Gouy-Chapman model 
that the activation enthalpy is hardly influenced by double layer effects. More­
over non-adiabatic contributions are only reflected in AG and Δ5 . This strong­
ly supports the view that the confrontation of experiment and theory can best 
be achieved via the activation enthalpy. 
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CHAPTER VII 
ACTIVATION PARAMETERS FOR TRANSITION METAL DTC COMPLEXES 
§7.1 INTRODUCTION 
Most of the experimental verification of the Marcus theory has been done for 
homogeneous reactions1 -* and there was often a reasonable agreement between 
theory and experiment. In contrast only a limited number of systematic 
s t u d i e s ' - 1 2 ' l s - 2 ' of electrode reactions has appeared. Mostly rate determi­
nations at only one temperature are reported. 
Several organic compounds 2 1 ' 2 3 ' 2 k have been studied. For example nitro-
benzenes2 3 showed a clear correlation between the charge distribution on the 
compound and the rate of the reduction. For substituted stilbenes2* the re­
duction rate showed a connexion with the structure of the molecules. In a recent 
study there was reported a very good agreement between the theoretical- and 
experimental Δ5_ for the reduction of substituted 1,4 diazines2 6. In that stu­re 
dy the refinements of the Marcus model as proposed by Peover23 were incorpo­
rated. 
The structure of the Hg/hUO interface was studied extensively by Weaver 
and c o w o r k e r s 1 , _ 1 " with complexes of Cr, Co, V, and Eu with ammine, aquo and 
other ligands. From these studies many interesting results could be obtained. 
For coordination complexes with other ligands then NH, and НЦО13 relatively 
few investigations are reported. Geiger and Smith1 0 studied the successive re­
ductions of dicarbollide complexes and their cyclopentadienide analogs of Co and 
Ni. Couples with ibe same charge ( 0 / + , 0/-1 etc.) showed a straight λ · vs. 1/a 
plot. Saji and Aoyagui 1 1 reported the reduction rates of t r is 2,2'bipyridine com­
plexes of Fe, Ru, Os, Cr, V, Ti and Mo. They could divide the complexes into 
two groups: reductions with Ц а ' ^ г а " transitions (0.8<k u<1-3 cm/sec) and 
transitions which involves t j ir P ^ *2а P ^ · 1 < , < 5 h < ( ^ c m ' / s e c i · Aoy­
agui and coworkers1 2 found for a serie of Fe(R2DTC)o complexes with R= a lky l , 
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cyclohexyl, morpholyl, pyrolinyl and pyrolidyl (these complexes are at room 
temperature m high- low spin state equil ibrium), that the ratio of the rates of 
reduction and oxidation depends on the spin state equilibrium constant. Dix 2 5 
measured the к . of the reduction and oxidation of several transition metal s, η 
DTC complexes with current reversal chronopotentiometry. We will discuss this 
technique in more detail below. 
Because of the above mentioned lack of extensive electron transfer rate data 
of coordination compounds at electrodes we started in this laboratory a few 
years ago a study of the oxidation-reduction rates of transition metal DTC com­
plexes, M(R/jDTC) 2 7 ' 2 e . For the same reasons as pointed out in §3.1 coordi­
nation complexes possess several features which makes them very suitable for 
the study of electrode reactions This is particularly true for the MCFUDTC) 
complexes Some studies concerning redox rates of MiFUDTC) complexes ap­
peared but the divergent conditions, electrodes and techniques make them d i f f i ­
cult to c o m p a r e 5 ' 1 2 ' 2 9 ' 3 ° . E\en for comparable conditions greatly different 
к . values were reported. So it seems important to measure the redox rates of 
the DTC complexes with several techniques under the same conditions 
There are several techniques available to determine rate constants and every 
technique has its own mentes and more important, its own timescale which must 
match with the rate of the electrode process. Since we use a solid electrode 
which introduces in general a low reproducibil ity (<50oo) we decided, with re­
gard to the differences found between different techniques, to use more then 
one method to determine к . values. For this study we choose m f i r s t instance 
three techniques: alternating current voltammetry (ACV), linear sweep voltam-
metry (LSV) and current reversal chronopotentiometry (CRCP). Some important 
features of these techniques are discussed in the next section. 
§7 2 ELECTROCHEMICAL TECHNIQUES 
§7.2.1 ALTERNATING CURRENT VOLTAMMETRY (ACV) З 2 ' з э 
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A linear potential scan is modulated with a small ac. signal (5mV p-p). The 
resulting amplitude and phase (with respect to the modulating voltage) of the 
cell current is then detected by a lock-in amplifier (see f i g . 7.1). 
/ ' N \ 
l/ \ \ 
' M 
1 
Figure 7.1 Applied signal to the cell (a) and the resulting in phase and 
out phase current as measured by the lock-in ampifier ( b ) . The showed 
curves are for the reduction of Cu(£t,D7"C}, at 79.7 Hz. 
The phase angle. Φ, can be obtained at every potential from the ratio in-phase 
current/out-phase current since cotg( i ) = |./l . The total ac current can be cal-
2 2 culated from Ul-.4.=^(l¡ + l 0 ) · General equations for the ac current are rather 
complex, however, it can be proven that for a quasi-reversible process in the 
maximum of a cotg(0) vs. E plot the following simple relation holds: 
[cotg(0)] r 1 + 2/(TTvD)/ks h (7.1) 
assuming DQ =Dr> .=D and a=0.5. к , сап be determined from the slope of а 
[cotg(i í) ] vs. /(TTVD) plot. In the case of temperature dependent measure-
ments one should insert at every temperature the correct D in equation 7 .1 . 
§7.2.2 LINEAR SWEEP VOLTAMMETRY (LSV) 
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A certa in p o t e n t i a l - t i m e s ignal is imposed and t h e c u r r e n t - p o t e n t i a l respons 
of t h e cell is r e c o r d e d . For a l inear p o t e n t i a l - t i m e P e r t u b a t i o n t h e c u r r e n t r e s ­
pons is shown in f i g u r e 7 . 2 . 
Figure 7.2 Calculated linear sweep voltammograms for the forward- and 
the backward process of Ox + e <=====> Red. Used kinetic parameter 
ψ=0.β07 
We used two methods to analyse t h e c u r r e n t - p o t e n t i a l respons a) t h e c y -
c l i c - v o l t a m m e t n c method were t h e reverse scan is also recorded and b) convo­
l u t i o n of the f o r w a r d c u r r e n t We wil l mentioned some detai ls of both methods 
Cyclic voltammetry [CV) 
Due t o i ts r e l a t i v e s i m p l i c i t y , CV has become almost a s t a n d a r d t e c h n i q u e in 
t h e s t u d y of e lectrode k inet ics and in the d e t e r m i n a t i o n of к к 2 1 ' " ' 3 7 · ^ u 
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can be determined by a method developed by Nicholson3". He showed that un­
der certain restrictive conditions cyclic voltammograms can be interpreted on 
the basis of only one single kinetic parameter Τ defined by equation 7 2" 
Y = k s hA/UDnFv/RT) (7.2) 
where ν is the scan rate. 4" can be determined from ΔΕ , the anodic-cathodic 
Ρ 
peak potential difference, an easily measured parameter (see f igure 7.2) For 
this purpose Nicholson presented a graphical ΔΕ -T relation, however, for a not 
mentioned temperature, but presumely 298K3 3. 
In order to carry out temperature dependent measurements of к . the ΔΕ -? 
working curves have to be available at various temperatures. 
For an infinite switching time (the time where the direction of the potential 
scan is reversed) Matsuda3 5 derived the following expression: 
ΔΕ
ρ
 = (2RT/nF)Z(1',a) (7 3) 
The function Σίΐ',α) сап be evaluated numerically. For constant Y and о equation 
7.3 becomes: 
[ΔΕ ]u, = constant χ Τ (7 4) 
so. 
[ Δ Ε
ρ
2 9 \ , α = ( 2 9 8 / T H ¿ E p T ] f / a (7 5) 
where [ΔΕ ] „ is the peak-potential difference at temperature Τ Equation 7.5 
298 enables us to use the [ΔΕ ]ш -Ϋ curve for any other temperature. 
For finite switching times equation 7.3 is no longer valid and no analytical 
expression for the ΔΕ - i relation is available Consequently the temperature de-
pendence of [ΔΕ ]«, is now unknown. It has been shown for a reversible 
electron transfer that the deviation from equation 7 3 is small if the switching 
potential is at least 65/n mV beyond the half-wave potential 3 *. 
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Thus for a quasi-reversible electron transfer the temperature dependence of 
[ΔΕ ]™ remains unclear. However intuit ively we expect that the deviation from 
equation 7 5 will now also be small. To check whether this assumption is val id, 
we computed numerically ΔΕ -f points m the temperature range of 303-253K and 
we compared these with the points calculated from the data at 298K by means of 
equation 7 5 The numerical aspects are described in appendix V. 
As the temperature range of 303-253 К is especially suitable for those low 
boiling solvents as acetone, dichloromethane and acetomtnle, which are nowa­
days frequently used as solvents m electrochemical studies of coordination com­
pounds we have calculated ΔΕ for 303 K, 298 K, 283 К and 253 К (see Table 7.1 
and figure 7.3). The nine chosen Ψ values are mainly restricted to the useful 
working range of the ΔΕ -Ϊ curve ι е.: 0.3<T<4 0. The f igure shows the very 
good agreement between Nicholsons curve and our calculated points at 298 К 
which are within 1 mV; however our points tend to be somewhat lower. 
Д Е х п т 
200 
150 
100 
50 
Figure 7.3 Peak potential difference ΔΕχη vs. Ϋ. Curve A: solid line is 
constructed from the data at 298 К taken from ref 38, triangles are the 
numerically calculated points at 298 K. Curve B: open circles are the nu­
merically calculated points at 253 K, the solid line represents a smooth 
curve drawn to these points. 
85 
As can be seen from table 7.1 the agreement between the ΔΕ a as calculated 
from the simulated cyclic voltammograms and the ΔΕ as calculated via equation 
7.5 is within 2-306. This is comparable with the deviation which is introduced by 
setting α equal to 0.5 (there is 5% variation of ΔΕ for α changing from 0.3 to 
0.7 if ,f>0.5 " ) . This is an important result because one is saved from the need 
to construct ΔΕ -t working curves at every desired temperature. 
From the preceding discussion it is clear that Nicholsons original curve, val­
id at 298 K, can also be used for the determination of к , at other temper­
atures because expression 7.5 is valid with a maximum deviation of 2-3% 
provided ΙΕ,-Ε-, /o| > 150/n mV. So the cyclic voltammetnc technique is now ex-
tented for temperature dependent measurements of к . . 
Table 7.1 
ΔΕ (in mV) vs. f for three temperatures 
? 
0.103 
0.261 
0.367 
0.528 
0.793 
1.050 
2.000 
3.000 
4.215 
",'· 
Τ=303К 
ν 
213 
138 
120 
104 
90 
83 
72 
68 
66 
from the 
< 
211 
138 
120 
105 
92 
84 
73 
69 
66 
simulated 
"f 
0.100 
0.255 
0.355 
0.511 
0.766 
1.015 
1.931 
2.902 
4.073 
T=283K 
'
E P ' 
202 
132 
114 
98 
85 
78 
68 
64 
61 
cyclic voltammog 
- Р
Ь 
201 
132 
114 
99 
87 
80 
69 
65 
62 
rams; 
4 
0 094 
0 241 
0.336 
0.483 
0 724 
0 960 
1 826 
2.744 
3.851 
T=253K 
'
E P ' 
185 
121 
104 
91 
79 
72 
62 
59 
56 
- Р
Ь 
185 
121 
105 
90 
77 
71 
61 
58 
55 
Δ£ = from Nicholsons 
data at 298K and equation 7.5. 
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Convolutive potential sweep voltammetry (CPSV) 
The same current-potential respons as in the forward curve of CV is used 
but the current is digitized and sampled by a computer. Now the experimental 
current i is transformed into a convoluted current I ' э ' ' ' | > ' , ' 1 : 
rt : l ( t ) = ( 1 / 7 і т у и i(n)//(t-n)eln (7.6) 
¡IpAJ 
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// / I,=D ^ ^ 
ι * t 1 
/ / 
~--^/< , ' 
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/ 
/ 
~ 
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-
-
360 m 600 
E (mV) 
convoluted current II) 
linear sweep current (ι 
Figure 7.4 Calculated cyclic voltammogram with convoluted current. The 
value of 4=0.801 
The convoluted current (see f igure 7.4) can be used to determine the forward 
rate constant k(E)-; as a function of the electrode potential according to: 
logk(E) f = log/D - log{ [ l | ¡ m - l ( t ) [1 •exp (F (E -E 0 ) /RT) ] ] / i ( t ) ) (7.7) 
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Note that the time t and the potential E are mterchangable since a linear poten­
tial-time function is imposed The value of E0, needed in equation 7 7, can also 
be determined from the convoluted c u r r e n t 4 1 (the "neo polarogram") 
E0 = E1=0 - ( R T / F ) l n [ ( l | | m - I 1 = 0 ) / I 1 = 0 ] (7 8) 
A big advantage of determining k(E)r m this way is the feature of CPSV that 
not only the value of the current at potential E is decisive for the value of kCE)^ 
but all the sampled current values in the interval 0-E 
From a log plot for the quasi-reversible case it is possible to obtain к • and 
a mean value for α according to 
E = E0 • (RT/anF)ln(k s h / / D ) * ( R T / a n F ) l n { [ l | | m -
- l ( t ) [ 1 * e x p ( F ( E - E 0 ) / R T ) ] ] / i ( t ) } (7 9) 
The determination of the diffusion coefficient is also very easy from the value 
of
 'lim 
'lim = n F A e < V D (7 10) 
Because of the simplicity of the method, CPSV is attractive for the determination 
of ideal activation parameters 
§7 2 3 CURRENT REVERSAL CHRONOPOTENTIOMETRY (CRCP) 
This technique differs from those discussed above in that now the current 
through the cell is the controlled variable and the potential-time respons of the 
cell is recorded3 э ' ^ 2 After the transition time τ^ the current is reversed, nor­
mally the forward and backward currents are equal (see f igure 7 5) 
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Figure 7.5 Typical chronopotentiogra/n and the construction of the tran­
sition times. 
From the difference A E T / 4 = E T / / 4 - E Q 2 ΐ 5 τ ' ^ h c a n b e evaluated: 
Δ Ε
τ / 4 = (2RT/F) ln{[/(Y c 2 -1)*4 ' c ]/[y(4 ' c 2 4)-4 ' c ] } (7 11) 
and: 
Ϋ
ο = ' / ( F k s ^ o x V ( 7 П ) 
§7.3 EXPERIMENTAL 
All measurements were done m a three electrode cell, working and auxiliary 
electrodes consisted of Pt and the reference electrode was a Ag/AgCI(0 Ш LiCI, 
acetone). Much care was taken as to eliminate uncompensated iR losses by posi­
tioning the t ip of a Luggm capillary as close as possible to the working elec­
trode. Except for CRCP all techniques were provided with a dynamical positive 
feedback iR compensation 
The measurements were carried out in 0. IM Bu 4 NCI0 4 solutions purged with 
N2- The temperature range chosen was from 303K to 253K. 
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The electrode pretreatment consisted of the following procedure. Every day, 
before the start of the measurements, the electrode was immersed in aqua regi­
na, then rinsed with distilled water and thoroughly polished with tissue paper. 
After this the electrode was introduced in a cell containing acetone with only 
supporting electrolyte and held at succesively -1.0, *1.0, -1.0 and +0 1 V vs. 
Ag/AgCI. Every potential was maintained until the residue current no longer 
dropped. The cleaning with the tissue and the electrochemical treatment was 
repeated after one or two recorded scans. 
In the application of equation 7 2 at various temperatures the same dif f icul ty 
as already noted with ACV arises The value of the diffusion coefficient should 
be known at every temperature. 
a) In a f i rs t approximation we can calculate D with the aid of the 
Stokes-Emstem relation: 
D = кТ/(6тга
П
) (7.13) 
Note that iche viscosity η is also temperature dependent so one has to take care 
to insert the correct value in 7.13 
b) With uncomplicated reactions it is possible to calculate D from the limiting 
current of a normal pulse polarogram 
c) The most accurate method and not too time consuming is to calculate the D 
from the maximum value of the convoluted current. 
We used the last two methods and they yielded comparable results. 
Used equipment 
CRCP: A home built galvanostat2 7 in combination with a MINC 23 mi­
cro-computer was used. The potential-time respons was sampled and analysed 
according to a l iterature procedure which was tested by D i x 2 5 . 
CV: PAR Model 174A Polarographic Analyser in combination with a PAR Model 
175 Programmer. The current-potential respons was sampled by a Nicolet Exp­
lorer II digital oscilloscope from which acurate potential readings were possible. 
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CLSV. Same configuration as with CV but now is the current sampled by the 
MINC computer, convoluted and analysed. 
ACV: A PAR Model 174A Polarographie Analyser in combination (via a PAR 
Model 174/50 AC interface) with a PAR Model 5204 lock-in amplifier which ana­
lysed the ас-current in an m-phase and quadrature component. The two AC 
components were recorded on a Kipp BD91 recorder. 
§7 4 DISCUSSION OF THE TECHNIQUES 
Current reversal chronopotentiometry [CRCP) 
In our laboratory Dix made a considerable effort to explore the potentialities 
of CRCP for the determination of к , in non-aqueous solvents 2 5 . Now we have 
s, η n 
experienced the CV and ACV methods to give kinetic data, which dif fer from 
those obtained by CRCP Especially the entropy data deviate substantially. Af­
ter a renewed study of the CRCP equipment we are of the opinion that the sys­
tematic deviations are caused by uncompensated resistance between the tip of 
the luggin capillary and the working electrode, which could be estimated to be 
about 150 ohm. At a current of 200 vA, needed to obtain a reliable ΔΕ ,, of 
about 30 mV this iR drop is about 60 mV. As R can only be estimated roughly 
and is temperature dependent 2 5 , the iR correction becomes unreliable. This is 
most probably the reason for systematic faults m the determination of the kinet­
ic data. Another objection against the use of CRCP for the present conditions 
is that most of the к . values reported here are near or larger than the limit of 
CRCP, which is under favourable conditions ca. 0.3 cm/s1'3. For non-aqueous 
solutions the CRCP method is not recommended when ACV and CV facilities are 
available. 
Convolutive potential sweep voltammetry [CPSV) 
To check the reliabil ity of the method and the software, needed to convolute 
the current, we simulated cyclic voltammograms with к . values m the range of 
- 1 - 3 5x10 - 1x10 cm/s (scan rate = 100 V/s) and convoluted them with a convo-
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lution program developed at our laboratory according to equation 7 7 To obtain 
E0, l<(E) and к L equations 7 7,78 and 7 9 were mcorperated in the pro­
gram. In this way it was possible to recover E0 and к . and to compare 
them with the values used in the simulated cyclic voltammograms 
It appeared that the accuracy of the determination of E0 and к , decreased 
with increasing к . . The deviation in E0 goes up to 25 mV for а к . value of 
5x10 cm/s whereas the deviation m к . could be as large as a factor three 
However, when E0 is not determined from equation 7.8 but instead directly from 
the cyclic voltammogram, the obtained к . values (and hence k(E)) were up to 
10 cm/s nearly equal to the values inserted m the simulated voltammograms 
The accuracy of the whole procedure can be increased when the scan rate in­
creases and m the l iterature scan rates up to 1000 V/s (!) are reported with a 
home bui lt apparatus"1. 
Because the scan rate of our equipment was limited to ca. 50 V/s and because 
of the relative fast rates of the redox reactions studied, our initial wish to de­
termine k(E) as a function of both the temperature and the electrode potential 
could only be realized for the slowest reaction under consideration· the re­
duction of CuCEtjDTCK 
Cyclic voltammetry [CV) and alternating current voltammetry (ACV) 
Although the к ^ values were near to the limits where the CV equipment can 
give reliable results we could determine к u values as a function of the temper­
ature. For ACV the range of к . values measured was no problem for the 
equipment and reliable data could be obtained. 
§7.5 RESULTS AND DISCUSSION 
Comparison of the results of CV and ACV 
The results of the к L determination of the oxidation and the reduction of s, π 
three DTC complexes with CV and ACV are tabulated in table 7 2 Also tabu­
lated are the results obtained with CPSV for the reduction of C u i E t j D T C K . An 
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TABLE 7.2 
Results for ks h.bHre' and tS^ with ACV, CV and CPSV 
Complex Process 
C u ( E t 2 D T C ) 2 r e d . 
Fe(Et 2 DTC)3 r e d . 
Мо(Е1 2 ОТС) 4 * r e d . 
C u ( E t 2 D T C ) 2 o x . 
F e ( E t 2 D T C ) 3 o x . 
Μ ο ( Ε ί 2 Ο Τ 0 4 + ο χ . 
k„ . in cm Is and at s,h 
ACV 
0 084 
0.27 
0.34 
0.24 
0.17 
0.37 
293K; 
k s , h 
cv 
0 078 
0.22 
0.39 
0 38 
0 30 
0 23 
" » ' 
CPSV 
0. 
in 
12 
ACV 
6.2 
4.6 
5.4 
6 4 
5.3 
6.7 
»„' 
CV 
5 3 
3 5 
4.2 
4 7 
3 6 
4 7 
CPSV 
6.4 
ACV 
0 2 
-3.0 
0 6 
2 7 
-1.6 
5.5 
«„' 
CV CPSV 
-3.0 1 4 
-7.0 
-3 0 
-2 2 
-6 1 
0.2 
ι kcal /mol and calculated from the slope of 
Rink . vs. 1/Τ, st. dev. ca. 0.5 kcal/mol; Δ5 in cal/mol К and calculated s,η re 
from the Intercept of Rink и vs. 11T, St. dev. ca. 2 cal/mol К 
important r e s u l t f r o m A C V is t h a t the c o t g U ) v s . A v D plots have f o r all t r a n s i ­
t ions and t e m p e r a t u r e s s t u d i e d i n t e r c e p t s near 1, i n d i c a t i n g real uncomplicated 
electron t r a n s f e r . 
The d i f f e r e n c e s m l<s h as determined by CV and ACV are of t h e same o r ­
der as the d i f f e r e n c e s between dupl icate measurements of each t e c h n i q u e so t he 
agreement between A C V and CV is reasonable. T h e agreement between ACV and 
CPSV f o r Д Н
г е
 and A S r e is excel lent and t h i s s u p p o r t s f u r t h e r t h e r e l i a b i l i t y 
of the d a t a . However f o r Д Н
г е
 and àSre* t he CV resul ts show systemat ic lower 
values as compared w i t h ACV and CPSV. The d isc repancy f o r t he reduct ions is 
smaller than f o r t he ox ida t ions . Th is d isc repancy may be due to the not equal 
sens i t i v i t y of ACV and CV to compl icat ing f ac to r s . For example, ACV is much 
more sens i t ive f o r double layer capaci ty changes than CV. I t is c lear , however, 
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TABLE 7.3 
Mean values for к, ^, ДС „ , ΔΗ and LS 
s, η re re re 
Oxidations Reductions 
k
, h Ä G r« / MrJ íSrJ kc h bGrJ MrJ bSrJ s, η re re re s, η re re re 
Complex 
Cu(Et 2 DTC) 2 0.31 5.5 5.6 0.2 0 08 6.2 5.8 -1.4 
Fe(Et 2 DTC) 3 0.24 5.7 4.5 -3.9 0.25 5.6 4.1 -5.0 
Mo(Et 2 DTC) 4 + 0 30 4.8 5.7 2 9 0.37 5.2 4 8 -1.2 
к , in cm/s and at 293K, Δ0 m kcal/mol and calculated at 293K s, h re 
ΔΗ* m kcal/mol; àS* m cal/mol К re re 
from the data of table 7.2 that the trends in ΔΗ_„ and Δ5„
=
 are the same for 
re re 
both techniques. Since these trends are interesting we refrain from a further 
discussion of the discrepancy between ACV and CV for ΔΗ and AS . In the 
^ ' re re 
following we simple will average the data in table 7 2 since there is no good rea­
son to prefer one set. The results are assembled in table 7.3 and figure 7.6. 
Interpretation of к . 
The variation in к . ¡s largest for the reductions, к , increases with in­
creasing coordination number whereas the к . values for the oxidations are 
roughly equal. This fact was also noticed in a chronopotentiometnc s t u d y 2 5 . 
Unfortunately, there are no comparable studies available but the conditions 
of the experiments described in reference 12 (acetomtnle, Pt) approximate 
those of this study. The к . values found there for the oxidation and re­
duction of Fe(Et 2 DTC) 3 are resp. 0 7 and 1 1 cm/s (measured with the galvano 
double pulse method). Although of the same order as found here those values 
are significantly higher. 
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Figure 7.5 Graphical representation of the data in Table 7.3 
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TABLE 7Л 
Comparison of effective and crystallograpic radii 
Complex 
Cu(Et 2 DTC) 2 
Fe(Et2DTC)3 
Mo(Et 2 DTC) 4 + 
Oxidation 
A H r ^ a 
5.6 2.5 
4.5 3.1 
5.7 2.5 
Reduction 
Л Н
г е '
 a 
5 8 2 4 
4.1 3.4 
4.8 2 9 
a B 
3.7 
6.4 
5.8 
a c r y s t 
4.6 
5.1 
5.8 
a is calculated with equation 6.32 and σ,, and a . are 
calculated in §3.3.; Enthalpies In kcal I mol and radii in Â 
Because of the possible con t r i bu t i on of double layer ef fects and non-adiabat ic 
routes (see chapter 6) we p r e f e r to cont inue the d iscussion w i th ΔΗ 
Interpretation of àH 
In chap te r 6 we pointed ou t t h a t , in t he case of i nsu f f i c ien t double layer data 
and no knowledge about the degree of non-ad iabat ic i t y of t he electron t r a n s f e r , 
ΔΗ must be r e g a r d e d as t h e p r e f e r e d a c t i v a t i o n parameter when we want t o 
compare t h e o r y w i t h e x p e r i m e n t . It has been s h o w n 2 5 t h a t λ / 4 is small ( less 
t h e n 0.7 kcal/mol) so we wi l l neglect i t f r o m now on in equat ion 6 3 2 . , t h u s 
leav ing t h e radius a as t h e o n l y molecular parameter in ΔΗ (assuming R=2a). 
With equat ion 6 32 we calculated the e f f e c t i v e rad i i f r o m t h e exper imental data of 
A H r e t h e r e s u l t s are shown m table 7 . 3 . I t is i n t e r e s t i n g t o compare these w i t h 
t h e r a d i i ca lculated f r o m ¿S0 (see chapter I I I ) and these are also g iven in t a -
ble 7 4 . T h e th ree sets of data show the same t r e n d m tha t the e f fec t ive radius 
of Fe (E t 2 DTC)o is l a rge r than tha t of C u i E t j D T C K and -what seems ra the r 
p u z z l i n g - also la rger than t h a t of MoiEtjDTC), Th i s f a c t , which was ra the r 
neglected in the discussion of chapter I I I , becomes now more pronounced The 
reason f o r th is o rde r m e f fec t i ve radi i is not c lear . The resul ts suggest tha t the 
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effective radius of a complex in solution is not a simple reflection of the number 
of ligands or the bulkmess of the ligand. 
In a study of the reductions of dicarbolhde complexes it is reported that AG 
was charge dependent 1 0 . This is m agreement with the predictions of equation 
6.25 if there is a considerable contribution of the workterms. As shown m 
chapter VI the contribution of the workterms can be neglected m ΔΗ . Indeed 
the outcome of the experiments for ΔΗ is roughly the same for the oxidations 
and reductions of each complex. This supports the correctness of equation 6 32. 
The effective radii as calculated from ΔΗ are all smaller than a . and 
this is in line with the generally found t r e n d 2 3 that the Marcus expressions give 
mostly underestimates for AG and ΔΗ One reason for this underestimation 
' re re 
is the assumption that R=2a (usual for homogeneous exchange reactions) is pos­
sible not realistic for electrode reactions and one has to include m R the thick­
ness of the polarized solvent layer covering the electrode s u r f a c e 1 3 - 1 5 ' l e 
Interpretation of àS 
As shown m chapter V I , values of àS which deviates significantly from 
zero can be the result of double layer effects or non-adiabatic contributions. 
Inspection table 7 3 shows that there are no extreme positive or negative values 
for Δ5 and are for the transitions of CutEt jDTCU and MoCEtjDTCL· indeed 
close to zero. Furthermore, there is no correlation of AS with E0 which one 
re 
should expect when double layer effects were significant 
From this we conclude that the reactions are not or nearly not complicated by 
non-adiabatic routes and double layer effects are small for the electrode system 
under investigation. 
§7.6 CONCLUSIONS 
Due to the high resistance of non-aqueous solutions and the relative large 
к μ. values of the redox reactions studied, it appears that CV and ACV are 
s , η 
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more appropriate to obtain reliable к . values with standard equipment than 
CRCP. 
There is a positive correlation between ΔΗ and AS indicating that the 
major reorganisation process in the electron transfer reactions of DTC complexes 
takes place in the solvent layer surrounding the complex. 
From the small values of |Δ50 | it is concluded that the double layer effects 
for the prevailing experimental conditions are small and that the redox reactions 
are adiabatic. 
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CONCLUDING REMARKS 
Arr iv ing at the end of this thesis it is instructive to look at the tortuous way 
we had to go before we could draw the conclusions mentioned above 
For the determination of Δ5 and the derivation of an expression for it we 
made several assumptions and estimations a) The contribution of the thermal l i ­
quid junction in the non-isothermal cell is estimated to be negligible b) No in­
trinsic (mtra-molecular) or specific solvent interaction contributes to ¿5° c) 
ion-pair forming, probably present but argued to be of no influence 
Reliable determinations of activation parameters are complicated by a) Dou-
ble layer effects b) Influence of the electrode material and surface phenomena 
c) Risk of considerable iR drop in organic solvents and at low temperatures d) 
Differences m the results obtained by different methods 
For the interpretation of AS the double layer contributions were assumed 
to be neglectable and the redox reaction to be adiabatic 
The fact that, despite all these assumptions and estimations, we arrive at co-
herent conclusions from the data sets of Δ50 , AS and ΔΗ , suggests that 
the insight m the relevant complications is reasonable and realistic It encour­
ages further study m the field of the electrochemistry of coordination complexes 
m non aqueous solvents at solid electrodes 
An advantage of AS is the absence of double layer effects, no influence of 
the transfer coefficient о and no required knowledge about the adiabaticity coef­
ficient ic From an experimental point of view AS0 is also attractive because 
there is a high degree of reproducibility m the measurements and only low cost 
electrochemical equipment is needed. Since several subtile changes, which can 
occur m the complexes upon oxidation or reduction, are reflected in AS0 , this 
parameter deserves more attention in the future The only restriction is that in 
view of reliable E0 determination the redox reaction has to be electrochemically 
reversible 
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APPENDIX I STRUCTURES OF LÍGANOS AND SOME COMPLEXES 
DTC С—N 
MorTU 
PipTU 
/ 
SN 
e 
/ - \ / 
s с — С 
/ 
Ν С—С 
\ / \ 
С—N С 
J N / S С — С 
EtTU 
/ 
N Et 
\ / 
С — N 
S* N Et 
PyrOTA 
0TB 
DÎT 
OTN 
S 
Θ 5 , 
S' 
S' 
Θ 5 . 
С — Ν О 
с — с о 
•f V_ 
\ / 
// ,c—α o 
CH, 
MNT 
5 — С — C=N 
e S — С — C=N 
MPh 
e S — С — i 
e S — C — 0 
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bpy 6нЭ 
phen 
Fe-Fe 
^—Ν M—/ 
Fe Fe 
Fc=Fc 
Fe 
f 
Fe è—Φ 
pyz <ο> 
L=3 phen — о о о о — phen 
1=1* phen — о о о о о — phen 
юз 
APPENDIX II CORRECTION FOR THE CHANGE IN SPIN MULTIPLICITY IN TA­
BLE 3.1 
For the redox couples ζ -» z - 1 , listed in table 3.1 we have assembled the cor­
rection due to the change in spin multiplicity (AS0 ) in the following table. 
TABLE A.2.1 A S 0 t o r AS0^ and Δ 5 0 β χ (.cal I mol К) for 
the couples listed in table 3.1 
Complex 
Ni(Et 2 DTC) 2 
Cu(Et 2 DTC) 2 
Pd(Et 2 DTC) 2 
Mn(Et2DTC)3 
Fe(Et2DTC)3 
Cu(Et 2 DTC) 2 
Mn(Et2DTC)3 
Fe(Et2DTC)3 
Co(Et2DTC)3 
Mo(Et 2 DTC) 4 
W(Et 2 DTC) 4 
Mo(Et 2 DTC) 4 
W(Et 2 DTC) 4 
ζ 
0 
0 
0 
0 
0 
1 + 
1 + 
τ 
τ 
1 + 
τ 
2* 
2* 
A s 0 t o t 
6.7 
4.9 
10.1 
3.3 
3.8 
23.9 
12.1 
13.1 
8.0 
12.0 
11.0 
23.5 
23.0 
*S0n 
1.4 
-1.4 
1.4 
0.4 
0.7 
1.4 
0.4 
0.0 
-3.6 
-1.4 
0.8 
1.4 
1.4 
¿SV 
5.3 
6.3 
8.7 
2.9 
3.1 
22.5 
11.7 
13.1 
11.6 
13.4 
10.2 
22.1 
21.6 
a] Calculated using the relation AS0 =A5° .-AS0 
ex tot η 
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APPENDIX III EXPANSION OF THE RICHARDSON AND TAUBE TABLE 
With the program QUAQUA we have calculated for the temperatures 303, 293, 
283, 273, 263 and 253 the table of Richardson and Taube (R+T) for the deter-
mination of E0! and E 2 with CV. To check if the program yields correct results 
we f i rs t reproduced the table of Richardson and Taube at 298K (see table 
A.3 .1) . 
TABLE A.3.1 
E p- E p /2 
140 
120 
110 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 
-20 
-60 
-200 
-163 
-141 
-130 
-119 
-107 
- 95 
(164) 
(142) 
(131) 
(120) 
(107) 
(96) 
-82.5(84.0) 
-69.5(72.4) 
-57.5(61.1) 
-46.8(50.9) 
-37.8(42.1) 
-30.3(34.4) 
-23.2(27.2) 
-16.7(21.1) 
-4.8 (8.3) 
15.5(13.2) 
84.5(85.4) 
186 
163 
151 
139 
125 
112 
(188) 
(164) 
(152) 
(140) 
(126) 
(113) 
97.3(98.9) 
83.0(85.2) 
70.3(72.4) 
60.5(62.7) 
53.0(54.9) 
48.0(49.3) 
44.0(45.2) 
41.0(42.2) 
37.0(37.0) 
33.5(34.0) 
31.5(29.8) 
172 
149 
138 
127 
114 
103 
(173) 
(150) 
(138) 
(125) 
(113) 
(102) 
90.3(89.7) 
78.3(78.1) 
67.8(68.3) 
59.0(59.6) 
52.5 
47.7 
43.7 
40.7 
36.7 
32.5 
29.0 
0.676(0.674) 
0.695(0.694) 
0.706(0.706) 
0.719(0.720) 
0.734(0.739) 
0.753(0.755) 
0.774(0.779) 
0.801(0.807) 
0.833(0.838) 
0.869(0.872) 
0.907(0.909) 
0.945(0.945) 
0.981(0.980) 
1.017(1.019) 
1.079(1.078) 
1.165(1.162) 
1.229(1.254) 
All potentials In mV ; /?+7" values between parenthesis 
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Whereas the agreement for i is within 0.3% and for Ε -Ε /τ and ΔΕ within 
Ρ Ρ Ρ/2 ρ 
ca. 2 mV the deviation between the data of R+T and our results for E -E 0 1 goes 
up to 4 mV. The reason for this is diff icult to f ind but in the R+T table there 
are some slight irregularit ies. Because R+T found that the agreement between 
DPP and CV for ΔΕ,ο was not better than say 4 mV the discrepancy found here 
is not a serious limitation. In the following we present the expansions of the R+T 
table for the temperatures: 303K, 293K, 283K, 273K, 263K and 253K. 
t E 1 2 = 
303 
293 
233 
273 
2 Ü 
253 
S E J J -
303 
293 
203 
2 Π 
263 
2 Я 
4 E 1 2 = 
303 
293 
283 
2 73 
263 
253 
ΛΕ1 2= 
303 
293 
283 
273 
283 
253 
140 
130 
120 
'110 
183 0 
162 5 
162 0 
161 5 
161 0 
160 5 
152 5 
152 0 
151 5 
151 0 
150 5 
150 0 
141 5 
141 0 
141 0 
140 5 
140 0 
139 5 
130 5 
130 0 
130 0 
129 5 
129 5 
129 0 
167 0 
185 5 
184 5 
183 5 
182 5 
181 S 
175 5 
174 5 
173 5 
172 5 
171 5 
170 5 
163 5 
162 5 
162 0 
161 5 
ISO 5 
159 5 
151 5 
150 5 
150 5 
149 5 
149 0 
148 5 
172 0 
172 0 
171 0 
170 5 
1/0 0 
169 0 
161 0 
160 5 
160 0 
159 5 
159 0 
158 0 
149 5 
149 0 
149 0 
148 5 
148 0 
147 0 
138 0 
137 5 
137 0 
137 0 
137 0 
136 0 
0 678 
0 678 
0 670 
0 666 
0 662 
0 658 
0 687 
0 683 
0 679 
0 674 
0 670 
0 666 
0 697 
0 692 
0 688 
0 684 
0 679 
0 675 
0 708 
0 703 
0 699 
0 694 
0 690 
0 685 
H E . ^ . O O 
303 
293 
283 
273 
263 
253 
ΔΕ 1 2 =90 
З Ш 
293 
283 
273 
263 
253 
ί Ε , ^ β Ο 
З Ш 
293 
283 
273 
263 
253 
í E l 2 = 7 0 
З Ш 
293 
283 
273 
263 
253 
119 0 
119 0 
118 5 
118 5 
118 5 
118 0 
107 0 
107 0 
107 0 
107 0 
107 0 
107 0 
95 0 
95 0 
95 0 
95 5 
95 5 
95 5 
82 5 
82 5 
82 5 
83 0 
83 0 
83 5 
138 5 
138 5 
137 5 
137 5 
137 0 
136 0 
125 0 
125 0 
125 0 
124 5 
124 5 
124 0 
111 5 
111 5 
111 0 
111 5 
111 5 
111 5 
97 5 
97 0 
97 0 
97 5 
97 0 
96 5 
126 5 
126 5 
125 5 
125 5 
125 5 
125 0 
114 5 
114 0 
114 0 
113 5 
113 5 
113 0 
103 0 
102 5 
102 0 
102 5 
102 0 
102 0 
90 S 
90 0 
90 0 
90 0 
89 5 
89 5 
0 721 
0 716 
0 712 
0 707 
0 702 
0 697 
0 736 
0 731 
0 726 
0 721 
0 716 
0 710 
0 755 
0 750 
0 744 
0 739 
0 733 
0 727 
0 777 
0 771 
0 766 
0 760 
0 754 
0 747 
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TIK) £„ E", VEp/2 
«н-
303 
293 
203 
273 
263 
ISS 
'
E
, 2 -
303 
283 
газ 
273 
263 
253 
» И " 
303 
293 
283 
273 
2S3 
ia 
«11= 
303 
293 
263 
273 
2β3 
213 
ЛЕ,2. 
зш 
293 
283 
273 
263 
253 
ВО 
30 
Ю 
•ж 
2Û 
69 5 
69 5 
70 0 
70 0 
70 i 
70 5 
57 5 
57 5 
S7 5 
57 5 
57 5 
58 0 
47 0 
46 5 
46 5 
46 S 
46 0 
46 0 
36 0 
37 5 
37 5 
37 0 
36 5 
36 0 
30 S 
30 0 
29 5 
2 9 0 
2« 5 
26 0 
аз о 
63 0 
63 0 
62 S 
63 0 
аз о 
70 5 
70 0 
69 S 
69 5 
69 0 
69 0 
61 0 
6 0 0 
59 0 
5В 5 
57 5 
57 0 
53 5 
52 i 
51 S 
50 0 
49 0 
4 6 0 
46 5 
47 5 
46 0 
44 5 
43 5 
42 0 
76 5 
76 0 
76 0 
77 5 
77 5 
77 0 
66 0 
67 5 
67 0 
66 5 
65 5 
65 5 
59 5 
S« 5 
5 6 0 
57 0 
5 6 0 
55 5 
53 0 
52 0 
51 0 
50 0 
46 5 
47 5 
46 5 
47 0 
45 5 
44 5 
43 0 
42 0 
0 604 
0 796 
0 792 
0 7Θ6 
0 779 
0 773 
0 636 
0 630 
0 624 
0 616 
0 811 
0 804 
0 871 
0 666 
0 661 
0 855 
0 849 
0 843 
0 908 
0 905 
0 901 
0 696 
0 691 
0 686 
0 946 
0 943 
0 941 
0 936 
0 935 
0 931 
s
r 1 2 =,o 
зш 
293 
263 
273 
263 
253 
«Ε1 2·0 
303 
293 
263 
273 
263 
253 
«12= 2 0 
303 
293 
263 
273 
263 
253 
í t I 2 M 
303 
293 
263 
273 
263 
253 
23 5 
23 0 
22 5 
22 0 
21 5 
20 5 
17 0 
16 5 
16 0 
15 5 
15 0 
14 5 
4 5 
5 0 
5 5 
6 0 
G 5 
7 5 
10 5 
11 0 
11 5 
12 0 
12 5 
13 0 
44 S 
43 5 
42 5 
40 Ь 
39 5 
37 5 
41 5 
40 5 
39 0 
37 5 
36 5 
35 0 
37 5 
36 5 
35 0 
34 0 
32 5 
30 5 
34 5 
33 0 
32 0 
30 5 
29 5 
2B 0 
44 5 
43 0 
42 i 
40 5 
39 5 
37 5 
41 5 
40 0 
39 0 
37 5 
36 0 
35 0 
37 5 
36 0 
34 5 
33 5 
32 0 
30 5 
33 5 
33 5 
31 0 
30 0 
26 5 
27 5 
0 982 
0 981 
0 980 
0 979 
0 977 
0 976 
1 017 
1 017 
1 017 
1 017 
1 017 
1 017 
1 078 
1 080 
1 062 
1 084 
I 087 
1 089 
1 147 
1 150 
1 153 
1 156 
1 160 
1 163 
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APPENDIX IV EVALUATION OF THE LAST DI FFERENTIAL TERM IN EQUATION 
6.19 
First we note that: 
d ( ( * 2 - * s ) / T ) / d n / T ) = - T 2 d ( U 2 - 0 s ) / T ) d T (A.4.1) 
Assuming that the reaction site lies in the oHp, we identify (02"* s) w l t h *ohp~*s 
as expressed in equation 6.22. Substitution of 
ζ = q m /A8RTx4wx E o E C o ) (A.4 2) 
in equation 6.22 (addapted for use in the mks unit system) and with combination 
of equation A 4.1 yield· 
d ( ( 0 2 - * s ) / T ) d ( l / T ) = -(2RT2/F)xclArcsinh(z)/dT (A.4 3) 
Now we use: 
d Arcsinh(z)/dT = d Arcsinh(z)/dz χ dz/dT (A.4 4) 
and 
d Arcsinh(z)/dz = 1/V(1+z2) (A 4.5) 
Straightforward calculating of dz/dT gives 
dz/dT = q m M 8 R C 0 4 n e 0 ) χ d ( T E ) " 1 / 2 / d T (A.4.6) 
with 
d ( T E ) " 1 / 2 = - 1 / 2 ( E " l / 2 T " 3 / 2 + E " 3 / 2 T " 1 / 2 d e / d T ) (A.4.7) 
Keeping the resemblance of the double layer with a capacitor in mind, we have 
assumed in this calculation that dq /dT = 0. If we combine equation 3, 4, 5, 6 
and 7 and after inserting· q =10"1 C/m2, R=8.31 J/mol K, T=293 K, F= 96487 
•^  m 
C/mol, ε=21 45, ε =8.85χ10"12 C2/N m and С =102 mol/m3 we obtain for 
о о 
d ( U 2 - 0 s ) / T ) / d ( 1 / T ) = - 3 . 8 mV (Α.4.8) 
Substituting this result m 6 29 we get with a=0.5 and z=0: 
108 
Л Н
' г е , е х =
 A H
' r e , c o r r + 0 · 0 9 k c a l / m o 1 ( Α · 4 · 9 ) 
We conclude from t h i s t h a t t h e double layer c o n t r i b u t i o n to ΔΗ is small. 
' r e , ex 
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APPENDIX V COMPUTATIONAL ASPECTS 
For the numerical calculation of the current-voltage curves (applied for the 
generation of table 7.1 and f igure 7.3) we used a program which relied on the 
explicite-finite-difference method as described by Feldberg1. The laws of Fick 
for semi-infinite linear diffusion and the Butler-Volmer rate law are incorpo­
rated. This design allows the use of the program for other purposes like simu­
lating follow-up reactions or multi-electron transfers. The program relied 
entirely upon the highly efficient "Continuous System Modeling Program 
(CSMP II I) and was solved on a IBM 370/158 machine. The resolution in ΔΕ was 
1 mV. The charge transfer coefficient was set equal to 0.5 while D 0 = D R .. 
In all calculations the switching potential was chosen in such a way that it was 
150/n mV beyond Ei/2· 
The procedure of generating ΔΕ -¥ points is simple then: for various values 
of f the corresponding cyclic voltammograms are calculated and from these the 
ΔΕ values are easily obtained. 
With the introduction of a Ml NC 11/23 micro-computer on our laboratory for 
the on-line acquisition and manipulating of experimental data, we also investi­
gated the possibility to perform simulations on such a system. Because of the 
CPU time consuming aspects of the diffusion problem we decide to use the re­
cently introduced orthogonal collocation procedure ( O C P ) 2 - 7 . With the OCP it is 
possible to solve the diffusion problem in considerable less CPU time as com­
pared with the explicit-finite-difference scheme. In the OCP the concentration 
profile at a certain time t is approximated by a special kind of tr ial funct ion: a 
Jacobi poly nomai. At every time t the polynomal is forced to f i t the diffusion 
equations for a few unique points in the diffusion layer: the collocation points 
(mostly 9 collocation points). The collocation points are the roots of the used or­
thogonal polynomal (see f igure A.5.1) . 
In the OCP the matrices A and S play a central role. For the calculation of A 
and S we need the inverse of a matrix Q: Q . A big advantage of the OCP is 
that А,В and Q do not depend on the chosen reaction scheme but -once a cer­
i lo 
ι· * • • ' ' ' ι BULK 
О^ 1 
Figure Α.5.1 Distribution of the collocation points in the diffusion layer 
tain type of tr ial funct ion' for the concentration profile is chosen- only of the 
amount of collocation points. It is shown that already with 9 collocation points 
accurate results are obtained and the order of the matrices is then 11x11. It 
turned out that A and В have a high degree of symmetry: the elements of A 
transform as A· · *->- A „ + 1 • ... · and for Β Β· · *-+ B„ + 1 · .-ι ¡, where η is the 
ι,j n* i - i ,n* i - j ι,j n* i - i ,n* i- j 
order of the matrix. 
For the calculation of the inverse of Q we used a BASIC program which relied 
on the Gauss-Jordan method. However, A and S calculated in this way did not 
have the required symmetry described above and the reason for th is, we found, 
was that a program written in BASIC is not accurate enough to allow calculation 
of matrices of order greater than say 7. Doing simulations with these inaccurate 
matrices introduced errors in the forward current function of 4% and in ΔΕ of 
ca. 5%. As stated above A and В need to be calculated only once so we trans­
lated the BASIC matrix inversion subroutine in FORTRAN and run it with dou­
ble precision (not possible in BASIC). A and В obtained in this way have the 
required symmetry (see table A.5.1) and are then further used in the BASIC 
program which calculates the current-potential curve. The agreement with the 
results of Speiser is then excellent' (forward current function: 0.2%; ΔΕ : ex­
act). A typical cyclic voltammogram, which consists of 600 i-Ε points lasts about 
20 minutes CPU time. Running the computer overnight ca. 30 trials can be ob­
tained. The advantage of the followed procedure is clear: even with a small 
computer and a simple programming language as BASIC, it is possible to perform 
rather complicated simulations with sufficient accuracy and in a limited amount 
of computing time. 
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SAMENVATTING 
Het doel van het onderzoek beschreven m dit proefschrift is tweeledig In de 
eerste plaats is getracht om meer inzicht te verkrijgen m de processen die be­
trokken zijn bij elektron transfer reacties aan het grensvlak van een niet 
waterige oplossing en een vaste (Pt) elektrode. In de tweede plaats is door het 
gebruik van metaal-coordmatie verbindingen als electroactieve stof informatie 
verkregen over het specifieke gedrag van dit soort verbindingen m redox reac­
ties. Van de betrokken halfreacties is met behulp van verschillende methoden 
gemeten de reactie entropie (AS ), de aktivermgs enthalpie (ΔΗ ) en de 
aktivermgs entropie (AS ) BIJ de interpretatie van de meet resultaten moesten 
een groot aantal aannamen en schattingen worden gedaan WIJ noemen hier het 
Soret effect, de mogelijke invloed van lonparen, de invloed van de elektrische 
dubbellaag en van de oppervlakte structuur van het platina, de compensatie van 
de elektrische weerstand en de mogelijkheid van non-adiabaticiteit De gevonden 
resultaten vertonen gelukkig een onderlinge coherentie, die bemoedigend is voor 
een verder onderzoek van metaal coördinatie verbindingen in organische oplos-
middelen aan vaste elektroden. 
Het proefschrift kan onderverdeeld worden in twee delen De hoofdstukken 
2, 3, 4 en 5 handelen over de bepaling en interpretatie van de Δ50 van redox 
reacties van verschillende soorten coördinatie verbindingen De hoofdstukken 6 
en 7 gaan over de bepaling en de interpretatie van aktivermgs parameters van 
redox reacties. 
Hoofdstuk II beschrijft eerst uit welke bijdragen de reactie entropie opge-
bouwd is Voor wat betreft de bijdrage van het oplosmiddel worden ver-
schillende theoretische modellen besproken en uitdrukkingen voor Δ50 afgeleid 
Vervolgens wordt beschreven hoe de reactie entropie bepaald kan worden met 
behulp van een met-isotherme cel Uiteindelijk bl i jkt het voldoende te zijn om de 
standaard elektrode potentiaal van de reactie als functie van de temperatuur te 
bepalen, waaruit dan Δ5 op eenvoudige wijze te berekenen is 
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In h o o f d s t u k I I I w o r d t b e s p r o k e n de exper imente le bepal ing en de i n t e r p r e t a ­
t i e van de Δ 5 0 waarden van redox reacties van overgangsmetaal d i th iocarbamaat 
( D T C ) complexen De r e s u l t a t e n kunnen als v o l g t samengevat worden a) Δ 5 0 
w o r d t voornamenl i jk bepaald door de r e o r g a n i s a t i e van het oplosmiddel b) De 
aanwezigheid van speci f ieke resonant ie s t r u c t u r e n van het DTC l igand heeft 
a a n m e r k e l i j k e inv loed op de oplosmiddel s t r u c t u u r rondom het complex c) De 
symmetr ie van de s t e n s c h e a f s c h e r m i n g van de oplosmiddel dipool is een b e l a n g ­
r i j k e f a c t o r m de o r d e n i n g van de oplosmiddel laag rondom het complex d ) De 
veel g e b r u i k t e i n t e r p r e t a t i e van e l e k t r o d e potent ia len als z i jnde een maat v o o r 
e n e r g i e v e r s c h i l l e n is h ier geoor loofd daar de e n t r o p i e b i j d r a g e m de v e r s c h i l l e n 
van AG g e r i n g is . 
In h o o f d s t u k IV w o r d e n AS van redoxreact ies van mixed-valence v e r ­
b i n d i n g e n bepaald De opgedane e r v a r i n g m h o o f d s t u k I I I voor wat b e t r e f t de 
inv loed van de straal en lad ing van het complex kan nu worden toegepast De 
snelhe id van de in terva lence e lectron t r a n s f e r b l i j k t een b e l a n g r i j k e rol te 
spelen v o o r wat b e t r e f t de waarde van Δ5 Door het vastste l len dat de t i j d ­
schaal van de relaxat ie van de oplosmiddel d ipolen 10 s is , kan met het r e s u l ­
taat van de met ing van LS worden bepaald of de snelheid van de i n t e r v a l e n c e 
e l e k t r o n t r a n s f e r g r o t e r of k le iner is dan d i t b e d r a g Zo k u n n e n 
e lektrochemische metingen een b i j d r a g e geven aan de k a r a k t e r i s e r i n g van deze 
i n t e r e s s a n t e v e r b i n d i n g e n . Een b e l a n g r i j k e conclusie kan g e t r o k k e n w o r d e n 
v o o r de u i t g e b r e i d h e i d van de gepolar iseerde oplosmiddel laag om het complex. 
Deze b l i j k t niet g r o t e r t e zi jn dan h o o g u i t 2 oplosmiddel moleculen d i k t e 
H o o f d s t u k V b e s c h r i j f t hoe, met een r e c e n t e l i j k m de l i t e r a t u u r beschreven 
m e t h o d e , AS van elke stap a f z o n d e r l i j k m een 2-Е mechanisme bepaald kan 
w o r d e n indien E ·• en E02 d i c h t b i j e lkaar l iggen Dit w o r d t ge ï l lus t reerd aan de 
hand van de twee e lek t ron overgangen van [Auq(P(C f iHc-)o)o] en 
[ ( b p y ) 2 C I R u ( p y z ) R u C I ( b p y ) 2 ] . Het Au c lus te r b l i j k t het Bornse model zeer 
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dicht te benaderen door zijn grote straal en de afscherming van 
tn-phenylphosphine liganden 
Hoofdstuk VI schetst hoe elektrochemische aktivermgs parameters bepaald en 
geïnterpreteerd moeten worden Verder wordt beschreven welke dubbellaag cor-
rectie op de experimentele snelheidsconstante toegepast moet worden alvorens er 
een vergelijking met voorspellingen van het Marcus model mogelijk is Een be-
langrijk resultaat is dat m de aktivermgs enthalpie slechts geringe bijdrage te 
verwachten is tengevolge van dubbellaag - en non-adiabaticiteits effecten 
In hoofdstuk VI I tenslotte worden de resultaten van de temperatuurs afhan-
kelijke к . metingen gepresenteerd Verschillende methoden om к . te be­
palen worden getoetst, echter door de hoge weerstand van de oplossingen en de 
relatief snelle elektron transfers van de DTC complexen blijken alleen cyclische 
voltammetne en wisselstroom voltammetne te voldoen Hoewel er slechts een be­
perkt aantal DTC complexen bestudeerd zijn l i jkt het in hoofdstuk VI voorspelde 
verband tussen ΔΗ en AS inderdaad aanwezig te zijn Dit resultaat sluit aan 
bij de conclusie m hoofdstuk 3 dat de snelheid van de elektrontransfer bij de 
DTC complexen door de geringe interne reorganisatie voornamelijk door de re­
organisatie van het oplosmiddel bepaald wordt Daar er bij de àS0 bepalingen 
grote invloeden van het ligand te vinden zijn suggereert dit dat de bepaling 
van aktivermgs parameters van de redox reacties van een groep coördinatie 
verbindingen met voldoende variatie van de liganden interessante resultaten kan 
opleveren 
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STELLHTGEN 
1. Bezien in het licht van andere, meer direct ver­
kregen, informatie lijkt de conclusie van Jurissen 
en medewerkers als zou de binding van To-difosfonaat 
complexen aan het hot oppervlak een belangrijke stap 
vormen in het werkingsmechanisme van gangbare radio-
farmaka voor skelet scintigrafie niet voldoende 
onderbouwd. 
Jurissen S.S., Benedict J.J., Elder R.C., 
Whittle R. en Deutsch E., Inorg. Chem., 22, 
1332 (1983) 
Ciaessens R.A.M.J., Proefschrift, Nijmegen 
(1982) 
2. Het feit dat er een overeenkomst is tussen de 
waarde van het verschil in E voor de Co ' en 
_ III/II , . ., . .. . 
Fe ' redoxkoppels enerzijds en de energie van 
de IT band van de geoxideerde cis- en trans isomeer 
van (h-'-C H )Со(Ь4-СдРс2РЬ2) (Fc=ferrocenyl) ande]>-
zijds, mag niet gebruikt worden ten bewijze dat er 
tussen het Co en Fe een intervalence exchange is in 
de geoxideerde complexen. 
Kotz J.f Neyhart G., Vinning W.J. en 
Rausch M.D., Organomet., 2, 79 (1983) 
3· De voorwaarde van Finke en medewerkers voor een 
twee elektron reductie ni. dat Ep>E1 , is niet 
juist. 
Finke R.G., Voegeli R.H., Laganis E.D. en 
Boekelheide V., Organomet., 2, 347 (1983) 
4. De verschillen die op kunnen treden M j de bere­
kening van de standaard deviatie met verschillende 
bekende algorithmen is opmerkelijk. 
SolbergH.E., Anal. Chem., 55, I6II (1983) 
5. Het door Miraoun voorgestelde mechanisme als zou 
o-hydroxylering van ketonen met MoO^pJpHMFA. bij 
-30 С geschieden via epoxidatie van het enolaat 
moet als onwaarschijnlijk worden beschouwd. 
Mimoun H.t J. Mol. Gat., 7, 1 (198O) 
6. Ondanks de aanbevelingen die de commissie voor 
Analytische Reacties en Reagentia doet t.a.v. het 
gebruik van de termen selektiviteit en selektief 
is een conclusie op grond van deze predicaten 
voor de kwaliteit van de uiteindelijke analyse-
uitkomst nog steeds moeilijk. 
Commission on Analytical Reactions and 
Reagents, Pure and Appi. Chem., 55(З)» 
553 (1983) 
7. Het is verontrustend dat onze maatschappij ontre­
geld kan worden indien de ambtenaren de door hen­
zelf ontworpen regels daadwerkelijk gaan toepassen. 
8. Ontwapeningsbesprekingen tussen Oost en West 
kunnen gezien het resultaat beter bewapenings­
besprekingen heten. 
9· Het is nog maar de vraag of de derilcbeelden van 
George Orwell in I984 wel achterhaald zijn. 
10. Doordat een film bij vertoning op de televisie 
met een 4$ hogere snelheid wordt afgedraaid dan 
waarmee hij oorspronkelijk opgenomen is, wordt 
afbreuk gedaan aan de door de componist zorg-
vuldig gedane keuze voor wat betreft de toor>-
aard en het tempo van de filmmuziek. 


